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e NOTIGE Esbodially notice corrections # 42, 43: and 44LLlL.
)l . BRRATA # 1 for Dooument No. 61SD199

. " Infrared Transmission and Baokﬁroﬁnd Radiation

» by Clear Atmospheres , ’

by Thomas L. Altshuler ! Pebruary 6, 1962

z

1. Sheet FN-610-1 which appears as the first page. In'the Abstract in
lines 3 and 4, change ® path " to read " line of sight "

2. Before page (1) 1isert the following:
n : ACKNOWLEDGEMENT

4 '
< The author is especially indebted to G.J. Rayl for his support,
««fsuggestions, and encouragement during ths preparation of the manuscript, .
- and for his éffort in publishing and proof reading this document. The

-* author also wishes to thank A.H. Canada and Dr. J.I.F. King for their
;f‘intorost and support in producing this report. ®

Remove the ACKNOWLEDGEMENT that appears after page vil.

Remove the transparent T@MPLATE A from the back sheet envelope and
insert the semi-transparent TEMPLATE A provided with this ERRATA.

(4]
L

4y Page (1): Change " paths " to read " lines of sight * in the following
.3 LY H . ]
s SECTION II:
: * SECTION III: Part 1:

Part 2:
SECTION VI:  APPEMDIX A:
Change " Path " to read " Line of Sight " in SECTION VI: APPENDIX C: __
S W% AND FIOTTRES)

M incs DeD helos TAEL S )
Page (iii): Change lime§: 3i5below TABLES ANDoPIGURESdtasréadlassfollows:

5
H
& TABLE 1 Concentration of Infrared Absorbing Gases V-l
; TABLE 2 Conversion Factors V-1
: TABLE 3 Deviation of Model from Actual Transmissions - VI-24
4 TABLZE 4 Sources of Transmission Data VI-25

, Also ¢ e " Phths * to read"Lines of Sight" on the lines after:
‘ QURE 1 , FIGURES 5.9, FIGURES 10-14, FIQGURES 49

6, Page (v): Insert between symbols Aﬂzo and cgas the following linej
" B, ™= spectral radiance of target, watts/om® - ster.~ micron ®

Cross out the 2nd from the bottém line ® Ny = speotral ---etc, ®

i . C .

7, Page (vi): 13th line from the bottom of the page, change " path " to
read " line-of-sight ", '
8: Page (vii): 1In the top line below the " DEFINITION OF SYMBOLS ® change

the symbol ™ x * to read " X *,

B . I I
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ERRATA # 1 continued, Rage 2

Page (vii): Change"path" to read ™ line-of-sight™ in the following

lines; 5th line from the top of the page belowaEFINITION OF SYMBOLS,
12th line from the bottom of the page, and 3rd jine from ths boitom
of the page. : ‘

Insert the following line between the symbols qu% and O

n ex = spectral emissive power at wavelength (A). u

Page I-2: Insert an asterisk in the 5th line fnom the top of the

age after the n (1) so that the last t of the line reads,
R %aylor.and Yatzg?iy* " pag;

R 4,
Chaﬁgg/ﬁﬁg°¥i%§% sentance of the third paragraph to read: " It
1s sugpested that those unfamiliar with the suBject matter of this .
report study the materia ectlion ll, Sectlo ) =
and Section IV Part. 1. © Please note that commas after Section III
and Section 1V have been deleted in the above sentande as compared
to the sentance printed on page I-2.

Page II-l: Starting the ihird paragraph from the top of the page,
)

change " e 2" to read " Starting the rifth
I%.

change " e l1l" to read " ._% "ﬁ Starting ths fourth paragraph,
%%gﬁ.g Lype 1I .
paragraph © e " Typei3 " to read " Type II

|
Page II-3: 3rd line from the top of the page change ™ The infrared

path is that of type 2, see Figure 1l." to read ™ The infrared line-
of-sight is that of type II, see Fiﬁure 1. 6th line from the top
of the page change " h = 31.0 1m. ™ to read ® h, = 41.0 km."

17th line from the top of the pége chanﬁe % The infrared path is
that of type 1, see Figure 1." to read " The infrared line-of-sight
is that of type I, see Figure I.

Bottom line change " The infrared path 1s that of type 3, see
Figure 1." to read " The infrared line-of-sight is that of type III,
see rigure 1." ‘

Paze III-1: In the middle of the page after the symbol ®d", 3rd

paragraph from the top, change the first xmmkmm line of the paragraph

to read as follows: .

" 4 = equivalent path length of dry air in the infrared line-of-
sight, corrected to % ,

14. . Page III~2: 3rd line from the top of the page change to read:

Part 1: RC150 kilometers, horizontal lines of sight, Use Figures 6 to!

Reduce the size of the letters " W™ and " Z " in the equations (1) & (2
to read: '

w = w xR eq. (1)

z = 2, X R eq. (3)

The line below Given in the EXAMPLE, change to read:
" ohy hg = 10 Im,
»
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23,

24.

25,

ERRATA #1 continued, page a

Page III-2: In the following lines change the c'qpital letters of
W and Z to small letters as: - 3
10th line from page bottom, ™ From Figure 5, w)..= 1.1 x 10°° pr, om, "
8th line from page bottom, " From Figure 9, zhﬁ‘- 1.76 x 10-5 atmoéom'."
6th line from page bottom, " w = (1.1 x 10-5) %.(15) = 1.85 x 10" “pr.cn.
Change the 4th line from the bottom of the pagg to read,

"g= (1,75 x 10-5) x (15) = 2,62 x 10-% atmo-cm “,
Change the word " paths" in the 3rd line from the bottom of the
page to read " lines-of-sight ".

Page IIT-3: 5th line from the top change cavital W and W, to small w
and w_ respectively. 6th line from the top change W to w. 7th line
from the top change "2" and "W" to "z" and "w'. In the EXAMPLE
below Required change " W " and "Z2" to "w" and "z". Under Solution
change "W ™ to "w_ ' ; change "Z " o "z ", In the " Ans ™ change
"W' to "w", "2" to "z" and changd the foFmula after *d% to réad

"d: 1.23-2.332034;;‘@@."
Page III-4: Change " path " to " line-of-sight " 13th line from bottomi

Page III-5: 2nd line from top of page change "W" to "w",
2nd line under Solution change"type 2" to read ™ type II ",
After"Ans" change the 3rd line rrgm the bottom of the page to_read,:
"w=2x1.30 x 10-1 - 7.7 x 10"° - 1.23 x 103 = 2,51 x 10~ pr. om. *

Page III-6: Change "x" to read "X" in the 7th and 5th lines from t
bottom of the page. .

. " n
Page III-9: 5th line frgm the bottom of the page change Xcorrected

n
to read © Z,,nngoted *

Pa%e III-10: Underlina " Given " in the first line under EXAMPLE .
n the 5th xmixtxk linex from the bottom of the page chanhge "xT
to "X". In the 4th line from the bottom of the page change
"X =1.6x20-5" to" X =1.6 x 10-5 P

Page III-11: After " Ans " in the middle of the page, change " d = eto."
to read * 4 = 0,0208 x 18 = 3,75 x 10-1 * .

Page III-13: 10th line above the bottom of the page change "™ Type 2 ®
to read " Type II *,

Page III-14: 3rd line from the top of the page change ™ From equation
6) " to read " From equation (6?, page III-5 * :

Change the line under Step 3 in the middle of the page from " To
correct for weather changes: " to read " To correct for weather
changes; see equation (7), page III.7; ",

3rd line from the bottom of the page change " From Equation 7:
to read " From Equation 7; page III.7: ®

Page III-16:. 3rd line from the top of the page change " e 2" %o .
read " Type II " pag 8 R
13th line from the top of the page change " From equation (6) ",to
read " From equation (6), page III-S.

14



ERRATA #1 continued, page 4°

26, Page III-16: 7th line from the bottom of the page change " To
i correct for weather changes:" to read " To conrest for weather
"~ changes; see equation (9], page ...i-7. :
2%*, Page III-17: 7th line from the top of the page oﬁhngo " From
'3 equation 9: " to read " From equation 9; page III.7: "

2;;* Page IV-1: In the first paragraph second sentance change " Figures
25-46 " to read " Figures 24-47 "
., In the second paragraph first sentance place a comma after " scattering"
i
~“  Change the third paragraph " This section is divided etc. " to read,

= " This section is divided into four parts. Part (1) gives methods
for determining the transmission of infrared by the atmosphere. Part
(2) gives methods for determining the apparant target radiance. Part
(3) gives methods for determining the molecular absorption of infra-
red by small quantities of gases and vapors. Part (4) presents
methods for obtaining the background radiancs of the atmosphere."

4 o

Page IV-2: In the 2nd line from the top, insert the word " Thus, "
before the word " Large " at the beginning of the second sentance,
and change the word " Large " to " large ",
ﬁnTthg 6th"11ne from the top of the page change " Table 3 " to

able 4 ",

R n
8~ YD

& ' ‘
33% Paﬁe IV-3: Change " Step 3: etc." at the top of the page to read
Step_3: The transmission is obtained by displacing the trans-
mission curve by the same amount and direction that the
entry value, obtained in Step 1, differs from the curve,
obtained in Step 2. "

Below the EXAMPLE under " Given " change the sentance " From the
EXAMPLE etc. " to read " From the EXAMPLE in Case a) Part 4,
Section III, page III-4: "

L SER SNt

AL S

”

31. Page IV-4: In the 8th line from the top of the page change the
formala " Q) = A, N = 0.023, N5 " to read

" Q = (AX) B, =0.023AB,, eq (19) *®

At the end of the 4th line from the top of the page after the word
" pradiance " insert " , Q, , "

Change the formula in the 6th 1line from the top of the page " Q' =7,-Q"
to read " QY = L'er‘)f Q, n A ANy

The 1lth line from the top of the page after ™ Let: " change " N, "
to read " B, " A

8th line from the bottom of the page change " log,, " to read
" 10310( wavelenth - microns ).

32, Page IV-5: Change the 10th line from the bottom of the page from
" Arrendix F and etc., ™ to read " Apnendix P and are sumarized
in Table 3.; These assumed models fail to apply "



ERRATA #1 continued, page 5

‘3?. Page IV-5: Delete the last three lines of the page, all after " gas
. in question is below that etc. ". Insert the following statement
v in place of those last three lines: .

{ " gas in question is below that value given in %he curve then the
following oaloulation procedure should be used !

| i Let: A-Hz '
¥ 0

| J 450,

Ao absorption by ozone

3
ANgo

‘ 3¢ Pa§e IV-8:_ Delets sverything above " Step 1 ", i.e. the first ten
i ’ ines. In its place insert the following:

L

absorption by water vapor R

sbsorption by carbon dloxide ‘o

*
v

-
W
»

absorption by nitrous oxide “

L 2

-

" Let: dss% = quantity of carbon dioxide or nitrous oxide, obtained

* from Figures 32-38 and 42-44, needed to make the
o , | transmission = 95%.

¥

" '95%.' quantity of water vapor, obtained from Flgures
24-31, needed to make the transmission = 985%.

Zgsg = qu&nfity of ozone, obtained from Figures 39-41,
-needed to make the transmission = 95%. .

e A AR 7Yy

“H20 = actual quantity of water vapor, pr. om.
ugo, = aotual quantity of carbon dioxide, atmo-om.,
u03 = actual quantity of ozone, atmo-om,

‘“Neo = getual quantity of nitrous oxide, atmo-ocm. 3
—-
38 Page IV-6: In the paragraph below " Step 1 " delete the 3rd line
; transmission line etc. " and replace with the following line,

" transmission line at a given wavelength. By using the "Index", the " -
The quotations around the word " Index " should appear in the text.

2

o

add the following words " can bé determined. "

Below equation (24) and above " EXAMPLE " add the following state~
ment: " Appendix F part (6) presemts the theory upon which steps 1
and 2 are based. " A

~ e o,

In the last line of Step 1 after the words " under consideration " ‘}
{
§
{

2 oo
: of the page,from " LA’i(A) to 7JA,1 )
“”?  In the 2nd line below " Step 1 " after the words " be isothermal ®

|
f 36. Page IV-8: Change the sixth-symbol which(%f)dgrined from the top %
i
}
i

insert the words " and contains the infrared ray "
" ;

Change the word " path " to " line-of-sight " in the following places,
»
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ERRATA #1, continued, page 6

‘35. continued.

in the paragraph below "™ Step 2 " in the 4th and Sth lines, in
the first line below " Step 3 ",and in the first line below
below " Step 4 " '

chnn?e the 3rd and 4th lines below " Step 5 " from " Seotion IV,
The ( 1 th ) layer etc. " to " Section IV. The { i th ) layer is
that part of the infrared ray bepween the ( 1 th )
point and the ( 1 th = 1 ) point,

Page IV-9: In the first line below " Step 2 " njar the bottom of
the page change the word " path " to " iipelot1§ight ",

A
In the top left corner of the table below " Step 2 " change the
word " Path " to " Line-of-sight ".

Page IV-10: In the top left corners of the tables below " Step 3 "
and " Step 4 " change the word " Path " to " Line of sight™, ‘

In the table below " Step 4 " in column number "4" and line
“r 03(')\) " change the number " .9556 " to " ,953 ®

Page IV-11l: In the tablbﬂin column number "6" and the last line
of the column " Q, ( Ai-1 = a1 y change;thn number

"6.85 x 207" to "6.85x20°"
Page V-1: Below the last line of the page, insert the followipg:

v

AP

TABLE 2
CONVERSION FACTORS

DISTANCE: 1 kilometer = 3281 feet )
= 0,6214 statute miles
= 0,5400 nautical miles

PRESSURE: 1 atmosphere 1013.3 millibars

760 nm Hg at 0° C,
14.70 pounds per sq. inch

To find pressure vs. altitude, see Figure 19.

TEMPERATURE ; o°x 273.16 % ©C

°c

5
g (OF - 32) “
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ERRATA #l, continued, page 7

-

Paﬁe V-2: In the t%tle change the word " PATHS Qlto read

LINES-OF-SIGHT
In the first figure " Type I " change the word " PATH " to " RAY "

-

Page V-10: Change the ordinaje of Figure 9 to resd ® 10”1 ¥ gt the
" gu t

top of the figure and " 107 at the bottom ofithe figure. Also
change all the intermediate values xezmxrdtmgix so that they will
be consistent.

Also change the title of the ordinant from " Equivalent centimeters ,
etc. " to " EQUIVALENT ATMO-CM. OF OZONE CORRECTED TO SEA LEVEL "

Page V-15: Change the ordinaXe“or Figure 14 to read " 10 " at the

top of the figure and " 10~ at the bottom of the figure. Also
change all the intermediate values so that they will be consistent.

Also change the title of the ordinant from " 2z, , , EQUIVALENT, eto."
v » EQUIVALENT ATHO-CM. OF OZONE CORREGTED TO SEA LEVEL “

Page V-19: In the ordinatée of Fiﬁure 18 should have the following

title " ALTITUDE, KILOMETERS

Paﬁe V-50: In Fé%uﬁe 49 in the title change the word " PATHS " to

LINES-OF-SIG

Paﬁe II-1: At the end of the second paraggaph change the words

line of sights ™ to " lines-of-sight

Cerrections to the Appendix will appear in a later ERRATA,



I ERRATA. No. 2 for Document No, 61SD199
U " Infrarod Transmission and Background Radiation
© by cxur Atmospheres "

‘hy Thonn L. Altshuler . Ooltbbor 13, 1962'
l'.a".’.‘ - Page VIl z" The nut sentance at the top ef the mo chann " ntnrod
" . path " to " tntrmd 1line ot shght " )
2,  Page VIalt' ‘Chango the word " path " to " ray " in the following
sentances: R = otc.. ' X = oeta., y = ete: '

- to read: " Vhen @ < 8°, ‘and assuming b 5.1.0 this reduces to

. to read " uno of u;m ",

8. Page VI-4:  6th and 'm; lines frow the top of the page. chmo Do

8. Pigo Vi-9: 2nd and ‘nh lines from the bottom of the pngo chnngo
- " Shaw. rotoronco 15 " to read " Shaw, reference 16 ',

TR e o

i " .regions, eté. ' ‘to read " In order to simplify calculations for
‘ © .. /intermediate regions, it will be assumed that the transmission can be
Approxtutod by n function .uch as s "

1 7 7 " trom 0 te.l " and the 7th line from the top of the page ".It can be

y
A

' ""‘uktng thh auu-puon are given on Table 3, page VI-24 .

. (e¢) for carbon dioxide and water vapor are: " to read " the half
~'widths (c) tor cqhon dioxide and. utor npcr ut l'l‘! are npproxtutolm

12. *'Page VI-li:’ 2lst un. tron the top of tho p.co oum the formula

MUY "R to read - ' S8u "
. 2=d - “2xa
‘ . ‘ . : ‘ % 8 a.
J 136 - Page Viell: change equation (48) to read: " L = “1" "

n

\' .

SRR Pd;c VI-11 3rd nno from the top of the pasc change " For intermediate -

LT

. Page VI=3t M.h uno from the top ot the puo ehcn;o » \nun L] ote. W

4.‘-, - Page VI-4:  First and 2nd lines tm the top of the page chmgo " path *

“toremd " 2 w, . 2 g .
. . 3 e : : ; < le RS
} © Gs  Page VIed: /Icth line from the top of the page chmgo " dao"“"mslo Vo
1 - . . between OCY, see Figure 31 " to read " g= mh between . "OCY, ase ‘
‘ Figure 31, V' " ‘
" 7. Page VI-8:' cmn‘tho formula on the 2nd line from the top of the page
Lo > ‘m L . D " " v D "
cLo T eom @ - &oh . co8 ® . g *b
A T T u"- fa) T tored MW Ay " T T

‘;16. Pago Vl-ns Botvoon Oth line from the top ot the page ' where n varies

) ", seen, otc. " insert the following sentance ! " The maximum errors in

Rt Y qu VI-us 13th uno from the top of the page change .. ", tho half vidth- .



e
n

'-f-;‘.'_z'f'“‘.‘r Page VI-12: Chann oqu-uon (51) to read "

27y r.;. VI-13: In the donuuona .nor "p W chunco to resds.

| 19. ) Pugo VI-IS: In the dounition- atter " 'r * change to rud.‘_u‘-' to'nownj'

ook e, ne+l : C o R
ER IR r'- ST RN v |

83.?.;0 VI-‘IC‘; " In the foﬁovtu lines from the bottom of the mo x ® k

o 'zs."',pm vx-m clunco cq\utton (87) to read as tonont

e

IRRATA No. 2 conun\ud. page 2

f"~( F)“

Page . 2 1

Taw P

18, VI-121 9th nn! fm the top of the page change Mmg M u rud -

16, 'Page VI-15: The 2nd line of the first paragraph change " are made for,

< . ete., " to read * are udo for dovntion. of oxuung weather trcn tho udil
et t.hc nltttudo (h) ot T 3 ~'!'«'. AL

.,.'

-

com P ‘m prouuro { model, ), see nguro 19 ;‘"-»,.'

3 is.l;f‘ mo vx-xs: In the definitions affer * q, " change to read: ..

'q',\“ = sea level’ oqui.nhnt quantity of ‘gas por kumtor horimul.
L pnt.h longth at .ltu.udo ho " .

e

: ;"l‘ - to-ponturo ( model ) °K, see l't;uro 20, "

- 206 - Puo 'VI-15: In the definitions change " u_ete. " to rudz _ '
e \" “h = actual quantity of a gas or vapor 1R a kilometer horl.mnl
puth length at nlutudo h, * " g
s 21.3".‘»?.;0 VI-IM cmgo oqut:l.on (M) to read as tollwu it _k
L -”“‘ . . . B
«‘. N “ .,l 1 . .,‘ “5.
Lte ""‘"‘"‘ = “mm —5-— -L- ( \)? ST S o

: : ‘1;‘,. Moo x ! v nd.l o s .

: :. 'r C . -.- 4 w.«m- : ‘ R B
VL 22 ;',-‘ l’uo VIvIM Chnngo oquauon 83 to read as tollovn S E .

o uhould be clunnd to "X " 3 Lines 1 3,4. 0. 11. 14, L
u'g”u.\rl-l'h In equations (56) and (87) olnnn "x " to‘ {x " .

r

P

t.-'t "“-; a L T e Y
n’ Zuodel A QISR
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- ERRATA No: 2 continued, page 3

20. Page VI-17: The first sentance after "Part 2! To Correct Sd!f'. .
Yot correet M nuuton " to " kilomete - : .

,"27{":-' “Pm V1-21: Correct equation (68) to rudt~

- M u

: k, 0:0460(h! = b) o.ouo[aa.o h ‘°s’]
28,7 p.;o V-2 ‘Correct ‘equation. (48 to ready - AR
e Lo S ' ltsc: S T ) . - e
R S ;

'39 Puo vx-az: Corroct equation’ (so) to rud:
vd . .

s

. E () = ‘V‘ ql MW

30, Pngo‘ v;-zsr' ) conoct cquauon (69) to Pead:
| x8a”
&n’l

5
-“_3'1.»; Page VI-23; Corrcct oquat:lon (43) to rud:

“ ‘ . . L ) § 3 ﬂ o \
-:‘-:;-c.l . ) x. - "
L o * 1

A

32., Pa;o VI-23: 11th line from the bottom of the page which reads " sasy
,.and that (A ) and (0) remain constant ete. "' change to reag " gas,

(S

’f"f and that (¢°) and: (8) remain constant over the bands ot ‘absoiption of an

 ~33.... Page VI=231 etn line from the bottom of the mo vhtch reads
Co # presgnted in Table 2. etc. ' change to read " pruont'd in
e lel. 3. eote, " ; ’ . o
34 Pago Vi-23: 3rd line tro- the botto- of the page vhtch reads '
,., " tunudnion as a function of (B) and () as well as variations -
"¢ between,the *. change to read " transaission'as a function ot (a)
. and ( Px) as nu as variations botvnn tho ", ‘

35 Pm Vi-23: At tha bottom of the page ohanco oquauon (73) to Mu“

; 14\)3313“ ( "3A )e Then insert the mnmu equation. mum

2na
35.? mo VI-24: Change Table 2 to read " TABLE 3 *.,

37. . Page VI=25:1 The 4th and Sth lines from the top of the page which n.dl
{( the sources described in Table 3. The transmission functions,

" described as " type of model " in Table 2, will be covered .etc.

x .—e‘-'-‘- _ " eq ( ma) ‘ ‘.r”i,‘:.

’ f

§? -
,',"q-' !

' change to read ( the sources described in Table 4. The transmiseion’

functions, described &s 2% type of model " in Table 3, ete, ™.
38, Page VI-25:. Change " TABLE 3 " to read " TABLE '4' "

TPiea il [




- ' s ’." ‘ ERRATA No. 2 continued, page 4 N LT
o ",,:) ‘ , \ - ‘ L e "

117 39.7 Page Vi-261 cumgo " TABLE 3 " to resd " TABLE 4
S m p..- VIez7y Change * TABLE 3 " 'to read W TABLE 4 ¥,
' Puo vx-xm Chuncb oqutton (40) te read u touml o .

L5

' n.'

e Dt e

! ] H
¢ t
s }. ;.A"‘ . T
Lot ,"., X -
. q . u -— -& -
‘ ,' yb“ . ) .
e
D b
-
& .
A
‘.
%
-
a
”

il s E

Pun VI-N: Chnnn the. nrut 1ine at the :top of ‘the page to roadt

" The dutu at the. G.W bund vu nttod to an Elsasser mdol ( oquttoa 78)
wuh n & x.o. ‘noe . : ‘ L -

PR MR 25

8, Pnco vx-hoz Chmo oquntlou (74) to read as :onwu Sk

. ' . .o N K "I. . .‘ N . .
Puio VI-291 Chango tho Gth and bth unu tm tho botto- of the’ pm

to'rud ks follows:. ‘“)
‘.m{r‘“t“n band’ ot wntor vapor, Bmh. nwu'd and Williams,
d

I applf{ed .the Goody model to their vnur npor duu at tho 2.7u and? "
,3.2ulbnn¢l. . ‘l'.hlo 3 ".\. - . :

t After the legend " Elsasser -odol' W add the words,
‘ ' " ‘q' (75’ where p 20, ¥ ‘tt.’ the l.‘.nd " 1 P I
o 3 '“d th Vﬂl‘dl. " .q. (7‘) .hm ’ - o. ‘ - E'.“ “l ‘. . :

S 4‘3,&"5'&;‘ x.as: In the label of the abscissa «m- nu lottcu " m ‘"

R

T —— iy,

3 ‘ -
", 1lable the equation u Y ('u)v;}:»

ort (x) » FL
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. Blsasser model curves 1n which B = 6,9 and 1,1 respectively., The .. ' . .
© . curves shown as the Elsasser model and Goody model where p = 0 Y
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DEFINITION OF SYMBOLS
= absorption by water vapor.
= absorption by carbon dioxide,
= absorption by ozone.
= absorption by nitrous oxide.

= temperature correction for COZ’ NZO' CH4, C0, Figure 16,
= temperature correction for water vapor, Figure 15,

= equivalent path length of dry air in the infrared line-of-sight,
corrected to sea level conditions, km, This is used to specify
the amounts of COZ' NZO" CH4, CO0, and haze which have ap-
proximately constant mixing ratios with air from 0 km, to
50 km. altitude.

= equivalent path length of dry air in 1 km. actual horizontal
path length at an altitude ( h ), corrected to sea level condi-
tions, km,

= equivalent path length of dry air in a vertical path from altitude
h to », corrected to sea level conditions, km.,

= equivalent path length of dry air in a slant path from altitude h
to ~, corrected to sea level conditions, km,

= quantity of carbon dioxide or nitrous oxide, obtained from Figures
32-44, needed to make the transmission = 95%.

= fractional concentration of gas.
= irradiance at the observer, watts/cmz

= spectral irradiance at the observer over the wavelength interval
(A X ) at wavelength (A ), watts/cm? - A A

= observer altitude, km,
= target altitude, km,
= minimum altitude of infrared ray, km.,

= lowest altitude of infrared line-of-sight between observer and
target, km,

altitude of tropopause,

altitude of maximum ozone concentration,

fictitious altitude, km.

I

correction factor for water vapor when h' is used, Figure 22,

. 2 .
spectral radiance of target, watts/cm” - ster.- micron

correction factor for ozone when h'! is used, Figure 23,

s

v



DEFINITION OF SYMBOLS (Con't)

= pressure (of actual atmosphere when used in Section I1I)
= sea level pressure = 760 mm Hg.
= pressure difference between actual atmosphere and ARDC model
atmosphere, i.e. (P )-(P )
actual model

= spectral radiance of target over the wavelength increment (A 1),
watts/cmé - ster. -A A

= maximum spectral radiance of target over the wavelength incre-
ment (A X)), watts/cm? - ster. - AA

= spectral radiance of a black body radiator at the temperature of
the gas in the (i th) layer and over the wavelength increment (A )
at wavelength (i), watts/cm?2 - ster, - AA

= line-of -sight range, km.
= relative humidity

= temperature degrees Kelvin (of actual atmosphere when used in
Section III)

= sea level temperature = 288°K
= temperature difference between actual atmosphere and ARDC model
atmosphere, i.e. (T 1)-(T

= actual quantity of a gas or vapor, atmo-cm or pr. cm,

actua model)

= actual quantity of water vapor, pr. cm.

= actual quantity of carbon dioxide, atmo-cm.

= actual quantity of ozone, atmo-cm.

= actual quantity of nitrous oxide, atmo-cm,

= equivalent precipitable centimeters (pr.cm.) of water vapor in

the infrared path, corrected to sea level conditions, pr, cm.

= equivalent precipitable centimeters of water vapor in 1 km,
actual horizontal path length at altitude (h), corrected to sea
level conditions, pr, cm.

= equivalent precipitable centimeters of water vapor in a vertical
path from altitude h to =, corrected to sea level conditions,
pr. cm,

= equivalent precipitable centimeters of water vapor in a slant
path from altitude h to = , corrected to sea level conditions,
pPr. cm,

= fictitious value of Wio W oo W , and w
\' [

h -

= quantity of water vapor, obtained from Figures 24-31, needed
to make the transmission = 95%,

vi
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4 DEFINITION OF SYMBOLS (Con't)

= fractional concentration of water vapor at 100% relative

humidity to dry air at 760 mm Hg pressure and at temperature
(T). Use a psychrometric chart to determine the value of (x).

conditions, atmo-cm,

= equivalent atmospheric centimeters of ozone in a vertical.

equivalent atmospheric centimeters (atmo-cm) of ozone in the
infrared path, corrected to sea level conditions, atmo-cm,

equivalent atmospheric centimeters of ozone in 1 km, actual
horizontal path length at altitude (h), corrected to sea level

path from altitude h to » , corrected to sea level conditions,

atmo-cm,

= equivalent atmospheric centimeters of ozone in a slant path from
altitude h to =, corrected to sea level conditions, atmo-cm,

and z

= ficititious value of Zyo Zys 2 e

= quantity of ozone, obtained from Figures 39-41, needed to make

the transmission = 95%,

= elevation angle, degrees, i.e. angle with respect to the local
horizontal (up + and down -. when looking along the line-of-sight,

= elevation angle of the infrared path at the observer, degrees,

elevation angle of the infrared path at the target, degrees

elevation angle at h degrees,

min’

wavelength in microns.

wavelength at Q) , microns,

max

wavelength increment such that:
loglo( A+ Ar) -logy, (») = 0,01

radiation at wavelength (A')
= transmission of HZO vapor at wavelength ( A )
= transmission of COZ at wavelength (A )
= transmission of 03 at wavelength ( A')

= transmission of NZO at wavelength ()

atmospheric transmission through the infrared path of infrared

= transmission through atmospheric scattering particles (haze)

at wavelength (A )

=atmospheric transmission at wavelength { A ) from the (i th)

point on the infrared path to the observer, see Figure 49,
are ( n ) such points.

= solid angle measured from the observer, steradians.

vii
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SECTION 1
INTRODUCTION

Life on Earth could not exist without the atmosphere. This life-giving
envelope includes the gases that are breathed, is responsible for the weather
that brings the rains, and is a warm blanket that protects living creatures
from harmiful solar radiation, The atmosphere can do these things because
of its ability to absorb electromagnetic radiation ranging from X-rays to in-
frared (heat rays). » '

In recent years there has been considerable interest in predicting the
amount of infrared attenuation by the atmosphere. Scientists and engineers
responsible for designing infrared equipment have required the answers to
such questions as: How much infrared radiation will be transmitted by the
atmosphere which exists between a heat source and a detector, or, How much
sky background radiation will a detector ''see’? This report attempts to pro-

vide the answers to these questions.

In order to provide answers quickly and easily, this report has been ar-
ranged such that the methods of solution are covered in sections II through IV,

Such solutions involve three steps.

Step 1, covered in Section 1I, outlines a procedure for determining the
geometry, with respect to the Earth, of an infrared ray as it travels between
a heat source and a detector. This part of the infrared ray will be called the

infrared line-of-sight.

Step 2, covered in Section III, enables one to determine the amounts of
various atmospheric gases, vapors, and haze present within the infrared line-
of-sight.

Step 3, covered in Section 1V, presents methods for obtaining the trans-

mission and radiation of infrared in an atmospheric path,

Numerical examples will be used in Sections II through IV in order to
clarify the methods of solution. The figures and tables needed in steps 1
through 3 are grouped in Section V.,

Section VI, the appendix, covers the theory upon which the calculation
procedure is based. However, it is not necessary to delve into this theory in

order to correctly solve atmospheric transmission problems,

I-1
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This report covers only methods for determining the atmospheric trans-
mission of infrared radiation in clear weather. During conditions of fog or re-
duced visibility, infrared radiation is scattered in much the same manner as

-4 i e

visible light. Thus, except for certain types of monodispersed fogs, one can- i
not "see' much better with infrared than with visible light, Taylor and Yatea(l) o

P

have made measurements of infrared penetration in fog, rain and snow,

The situation with clouds, except for cirrus clouds, is much the same as
with fog, Elliott and Altahuler(z) discuss methods for determining the atmos-
pheric transmission through cloudy atmospheres.

It is suggested that those unfamiliar with the subject matter of this report
1 study the material in Section II, Section III, Parts 1 - 4, and Section IV, Part 1.

This material will enable one to solve most infrared transmission problems en-

countered in practice. The other parts of Sections III and IV cover methods for
determining the atmospheric transmission under varying weather conditions,

the infrared absorption of very small quantities of gases, and the background

radiation of a clear atmosphere. -

it | .
T A b R L TRE AL i s o T T

* Numbers refer to references listed in back of report,
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SECTION 11
DETERMINATION OF INFRARED LINE OF SIGHT

B e [ ———

This section will cover the methods for determining the geometry of the in-
frared line-of-sight with respect to the Earth, For calculation purposes an infrared
ray is considered to be infinite in extent, The line-of-sight is that part of an in-
frared ray that exists between a detector and a heat source, The detector will be
referred to as the '"observer' while the heat source will be referred to as the

"target',

All line-of-sight conditions can be grouped into three types according to their
geometry with respect to the Earth, Figure 1 shows the geometry of various

infrared line of sights.

Type 1 is that geometry in which the infrared ray does not intersect the

Earth and the line-of-sight does not include the minimum altitude of the infrared

ray,

ey 8

Type 2 is that geometry in which the infrared ray does not intersect the
Earth and the line-of-sight includes the minimum altitude of the infrared ray.

Type 3 is that geometry in which the infrared ray intersects the Earth.

The geometry of an infrared ray can be determined by the use of either
Figure 2, 3, or 4 with the plastic Template A provided, These figures will pro-

vide the following quantities describing the infrared ray.

= observer altitude, km.

o

ht = target altitude, km,

hmin = minimum altitude of infrared ray, km,

hlow = lowest altitude of the line-of-sight, km.,

R = range, length of the line-of-sight, km,

9 o = elevation angle of the infrared ray at the observer, degrees, i.e,
angle the infrared ray makes with the local horizontal at the ob-
s erver, up + and down -,

6 t = elevation angle of the infrared ray at the target, degrees.

®min i
= elevation angle at h o in® degrees,

II-1

i, e e




e <20 e

If any four of the above independent quantities are known, the others can
be found, 6 min and hmin are the only quantities not independent of each other,
thus they cannot be used together as two independent quantities, If the range,
R, and at least one altitude is known, then the number of independent qualtities
may be reduced to three in order to determine the other quantities,

When the range, R, is one of three known quantities and the other two quan-
tities describe conditions at both observer and target positions, use the plastic
Template A with Figure 2, 3, or 4. The template, which consists of abscissa
and ordinate lines, should be laid on Figure 2, 3, or 4 8o that the abscissa of
the template coincides with the abscissa on the figure. Mark the altitude of the
observer and target positions on the template as horizontal lines (parallel to the
abscissa), Mark off the line-of-sight range as vertical lines (parallel to the or=

dinate). The intersection of the appropriate horizontal and vertical lines rep-
resent observer and target positions. Now slide the template across the figure
keeping both abscissas coincident, until the observer and target positions on

the template are connected by a common curve (or are intermediate to two of
the curves) on the figure. The curves of Figures 2, 3, and 4 are the parabolic
type, and as such take into account the Earth's curvature and the refraction of
infrared in the Earth's atmosphere. The curves were computed for infrared
radiation at 2 microns wavelength in which the ray is the averare of those at dif-
ferent useful wavelengths. The Appendix A gives the theory upon which Figures
2, 3, and 4 are based. If Figure 4 does not go out to a sufficiently high altitude,
then use equations (37) to (41) in Appendix A.

EXAMPLES
Ema——

1. Given
o 24.0 km.

hy = 39.5km.
R 910 km.

=2
[}

Required
Values for the other geometric variables.

Solution: Use the Template A with Figure 2.

hpmin = hjow = 15.0 km. (hg < hygy <hy)

= o o
00 3.0
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6, =-5.°

omin- 0

The infrared path is that of type 2, see Figure 1.
2, Given:
hy, =8.0 km.

h = 41.0 km.
R = 500 km.

Reguired:

Values for the other geometric variables.

Solution
Use the template A with Figure 2,

hpip = 5.0 km.
hlow = 8.0 km.
° +1.6°
t = "'6.00
0°

S D D
It [ ]

The infrared path is that of type 1, see Figure 1.

3. Given

hy, =17.5km.
hy = 55.0 km.
R = 340 km.
Required
Obtain values for the other geometric variables.
Solution:
Use the ternplate A with Figure 2.
hmin =0 km.

hjow = 17.5 km.

(-] = ©
° +5.0
Ot = -8.0°
= (e}
min 3.0

The infrared path is that of type 3, see Figure 1.
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SECTION 111
DETERMINATION OF AMOUNT OF GASES, VAPORS,
AND HAZE IN THE LINE OF SIGHT

This section will cover methods for determining the amounts of infrared ab-
sorbing atmospheric constituents in the line of sight, namely, CO0,, 03, NZO'
CH4. C0, water vapor, and haze. A model atmosphere is assumed in parts 1
through 4 of this section, The pressure and temperature variation with altitude
is based upon the 1959 ARDC model atmosphere, see Figures 19 and 20. The
amounts of the various infrared absorbing gases and vapors in the atmosphere
versus altitude are given in Table 1 and Figures 17 and 18, For most problems,
the use of these models is adequate, and the calculation methods in parts 1
through 4 suffice. If, however, weather conditions are known at the observer
position, and/or the average latitude of the line of sight is known, then the model
atmosphere can be corrected to agree with the weather. Methods for making ‘

such corrections are covered in parts 5 and 6 of this section.

Because of the distribution of various gases, water vapor, and haze as a
function of altitude, it is convenient to calculate three basic quantities which

represent the amounts of such atmospheric constituents. These are:

d = equivalent path length of dry air in the infrared path, corrected to
8 ea level conditions, km. This is used to specify the amounts of
Co,, NZO' CH,, C0, and haze which have approximately constant
miiing ratious with air from 0 km, to 50 km, altitude,

w = equivalent precipitable centimeters (pr. cm.) of water vapor in
the line of sight,, corrected to sea level conditions, pr. cm.

z = equivalent atmospheric centimeters of ozone in the line of sight,
corrected to sea level conditions, atmo-cm.

Gases and water vapor absorb infrared in regions of their vibration-rotation
bands. Temperature and pressure will affect the width of the spectral lines
which will then alter the degree of absorption of infrared by the gas. Conse-
quently, with respect to its infrared absorption, the amount of a gas in the line
of sight can be equated to another amount under sea level conditions, 288°K
temperature and 760 mm Hg pressure. This sea level amount is termed the
“equivalent amount of gas in the line of sight, corrected to sea level conditions, "
and may be represented by the symbols (d,), (w ), and ( z ). The actual amount
of the gas in the line of sight is represented by the symbol ( u ). The Appendices

-1
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B to E, give the theory upon which the calculation procedures of this section
are based,

Part 1: R 150 kilometera! horizontal gths, Use Figures 5 to 9

Let: d, = equivalent path length of dry air in 1 km, actual horizontal path
length at an altitude ( h ), corrected to sea level conditions, km.,

W, = equivalent precipitable centimeters of water vapor in 1 km, ac-
tual horizontal path length at altitude ( h ), corrected to sea level
conditions, pr. cm,

z, = equivalent atmospheric centimeters of ozone in 1 km, actual hori-
z ontal path length at altitude ( h ), corrected to sea level conditions,
atmo-cm.,
W = th R eq, (1)
d = d'h xR eq. (2)
Z = Z, x R eq. (3)
EXAMPLE
Given
h =10 km,
o
R =15 km,
Required

Find w, d, and 2z

Solution

1

From Figure 5, Wh =1.1x 10-3 Pr. cm,

From Figure 7, d_ = 107! km.

From Figure 9, Z, = 1.75 x 10”3 atmo-cm.

From equations (1), (2), and (3)

W = (L1x 1073) x (15) = 1,65 x 10"% pr. cm.

Ans.{a =( 10! )x (5) =15 km,

Z = (1.75 x 107%) x (15) = 2,72 % 10”2 atmo- cm.

Part 2: R < 150 kilometers, slant paths, Use Figures 5 - 9
b ]

Let: dv = equivalent path length of dry air in a vertical path from altitude h
to « , corrected to sea level conditions, km.

II-2
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w_ = equivalent precipitable centimeters of water vapor in a vertical
path from altitude h to =, corrected to sea level conditions, pr. cm.

altitude hto =, corrected to sea level conditions, atmo-cm.

W, (observer) - WJ (target)

w x R
ht - ho
d is similar to W
Z is similar to W
EXAMPLE

Given
ho = 5 km
h, = 10 km
R =20km

Required

Find d, W, and Z

Solution

From Fig 5, W_ (observer) = 7.1 x 1072 pr. cm.

1.9 x 10”2 pr. cm.

w, (target)

From Fig 7, dv (observer) = 1.35 km.

d, (target)

0.33 km.

8.8 x 10-2 atmo-cm,

From Fig 9, Z (observer)
Zv (target) = 8.0 x 10-2 atmo-cm.,

From equation (4)

-2 -3
fw =1:1x1077-1.9x10 " 55 .5 76 x 1072 pr. cm.

10- 5
Ans{ d = 1.35 - 0.33 20 = 4.16 km.
10 - 5 ===
-2 -2 -2
_8.8x10 " -8.0x10 20 =3.2x 10 " atmo-cm,
\Z = 10 - 5 T
Part3: 0 . > 7°

min

Use the same procedure outlined in part 2 above.

III-3

equivalent atmospheric centimeters of ozone in a vertical path from

eq. (4)
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Part 4: R > 150 kilometers and ¢ < 7% Use figures 10 - 14

min

Let: d, __ = equivalent path length of dry air in a slant path from altitude h to
e , corrected to sea level conditions, km.

W,

hew = equivalent precipitable centimeters of water vapor in a slant path

from altitude h to «, corrected to sea level conditions, pr. cm,
2, 2 ° equivalent atmospheric centimeters of ozone in a slant path from

Casea) I h, or ht is ath

altitude h to » , corrected to sea level conditions, atmo-cm,

low

w = Wh

- - (observer) - Vi e (target) eq. (5)

d is similar tow

z is similar tow

EXAMPLE
E
Given

.Reguir’ed

Find w, d, and z

Solution

From the methods described in Section 2 of this report, the infrared
path is of type 3, Figure 1,

hlow = ht

R =220 km > 150 km, 0 <7°

From Figure 11,
From Figure 10,

From Figure 13,
From Figure 12,
From Figure 14,

From Figure 14,

From Equation (5),

w s |41x10
Ans (d = |77 x10"!

min
W, _ (observer) = 4.1 x 10°3 pr. cm,
Wh cw (target) = 38,5 pr. cm,
d, _, (observer) = 7,7 x 10"} km.
dh (target) = 71,5 km,
. o |observer) = 7.0 x 10°} atmo-cm.,
2w (target) = 1.15 atmo-cm,
-3
- 38.5 | —Sp cm,
- 7.5 | = 9:-;- km,

g = |7.0x10

L. 1.15| =0.45 atmo-cm.
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Case b) If hlow <‘h°, and hlow <ht
W =2 LA (at hmin) -V (observer) - Ve (target)
d is similar to w
z is similar to w
EXAMPLE
£
Given
h =15.0 km.
°
h, = 20.0 km,
R =630 km.
Required
Findw, d, h
Solution

From the methods described in Section 2 of this report, the infrared path is

of type 2, Figure 1,
h

= 10 km. ; thus hlow < hQ and h

<h

low low t
h . =10 km,
min
From Figure 10, w‘h . (at hmin) #1.30x 10"1 Pr. cm.,
From Figure 11, wh - (obserirer) = 7,7 x 10-3 Pr. cm.
W e (target) =1,23x 10.3 pr. cm..
From Figure 12, dh - o lat hmin) = 19.0 km,
From Figure 13, dh - (observer) = 1.43 km,
dh - - (target) = 0.23 km,
From Figure 14, Z, | . (at hmin) = 1.70 atmo-cm.
Zp | ow (observer) = 1.11 atmo-cm,
Zp - (target) = 0.66 atmo-cm,
F rom equation (6)
w =2x1.30x10" ) - 7.7x1072 - 1.23x 1073 =221 x 10"} pr.
Ans {d =2x19.0 - 1.43 - 0.23 =3613 km.
z =2x1.70 - 1,11 - 0,66 = 1,63 atmo-cm,
III-5
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Part 5: Weather Change Corrections, Use Table 1 and Figures 15 through 21
P

If the weather conditions at the observer, and/or the average latitude of
the line-of-sight is known, then the model atmosphere can be corrected to agree
with the weather. The weather conditions which must be known are the pressure,
the temperature, and the concentration of gases and vapors. The temperature
can be obtained from Figure 21, taken from D:. N. Vachonsn) or the model
atmosphere can be assumed as given in Figure 20, The pressure and atmos-~
pheric composition can be assumed to correspond to the model atmosphere, see
Table 1 and figures 17 - 19, Under average conditions, the relative humidity
may be assumed to be 80% in the troposphere, When these weather conditions
do not vary too greatly from the model atmosphere, the correction methods
presented in Case a) will suffice. Otherwise, one must employ the methods of
Case b) which is much more laborious.

Let: C as temperature correction factor for COZ’ NZO‘ CH4. and CO,
g Figure 16, :
CH o = temperature correction factor for water vapor, Figure 15,
2
H = fractional concentration of gas.
P = pressure (of actual atmosphere when used in Section III)
o = gea level pressure = 760 mm Hg.
AP = pressure difference between actual atmosphere and ARDC model
atmosphere, i.e, (Pactual) - (Pmodel)
T = temperature, degrees Kelvin (of actual atmosphere when used in
Section III)
To = sea level temperature = 288°K
AT = temperature difference between actual atmosphere and ARDC
model atmosphere, i.e. (Tactual) - (Tmodel)
R.H., = relative humidity
u = actual quantity of a gas or vapor, atmo-cm or pr. cm,
x = fractional concentration of water vapor at 100% relative humidity"

to dry air at 760 mm Hg pressure and at temperature ( T ). Use
a psychrometric chart to determine the value of { x ).

A subscript (corrected) refers to the quantity specified, corrected for
weather conditions.

A subscript (model) refers to the quantity specified, as given by the
model atmosphere. )

I1I-6
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" vapor existing under actual weather conditions. Itis assumed that AP and

e R ARSI O

AP
P

>

Case a) It <0.1 and ATl <0.2

This method will give apprcximately the correct amount of gas or water

i P
-ATZ remain constant for altitudes between the minimum altitude of the line of

sight and 10 km. above that minimum altitude. Thus, errors will be minimized

if the weather conditions at the minimum altitude of the line of sight are used,
except for ozone. For ozone, use the weather conditions existing at the altitude
of maximum value for zZy (corrected) where it is found along the line of sight.
To find z, for the 'model atmosphere, refer to Figure 9.

model 2

- R.H. AP
W corrected (wmodel) *RH [l + (—p'J] xCyo ©9 (Y]

low

f

= (dmodel ) x f [1 +2

d corrected

AP
P')‘] xCopy 908 |

ow

. . AB|14 11 - 0.15[AT
Z corrected ~ (zmodel) x 'u—':l'[l + 0-3( P )J [1 0. 15( )‘l
mode ax(03)
eq (9)
EXAMPLE
Given
h = 5 km,
o
ht = 10 km.
R =20 km.

R.H. = 80% at ho
= 0.525 atmospheres at ho

)
P = 0.55 atmospheres at ht
T =250°Kath

T

= 210°K at b,

Reguired

Find wcorrected, dcm-rected. %corrected

1II-7 |




Solution
This problem is a refinement of the EXAMPLE in Part 2 (P, 3 ) of
Section III,

To find w and z

model’ dmodel‘ model
h =h
low o

-2
¥ nodel = 2.76 x 10 © pr. cm,

d = 4,16 km,

model
z = 3,20 x 10-Z atmo-cm.,
model
From Figure 9, the maximum value of zZy within the infrared path is at ht =
10 km.

To find | & HR' H_ [ 14 , and u
* " model model | ° ) “model
2 vapor 02' NZO' CH4' co 03
R. H. 80% .
UL LR TO0% = 0.80, see Figure 17,
R.H. model 100
Assume:
.10
model
: 4 = 1,0
model
. AP
To find P

From Figure 19, P = 0.530 atmospheres at h
P = 0.260 atmospheres at h,

AP| . 0525- 0530 . _g,00953

Jn 0.525
o

-
AP _ 0,255 -0.260

P .ht 0.255

- 0.0196

1
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To find CHZO, Cga.n‘ and -

From Figure 20 for model atmosphere:

T

5 km,

255.0°K at b,

T

10 km.

n

223.0°K at By

AT _ 250 - 255

T-=T3%0 - -0,02 at ho =
From Figure 15, with ATT] = - 0,02
ho

CHzo = 0.65 and,
From Figure 16,

C = 1,032

gas

AT 210 - 223.0 _ _ _
T]_ —zlo— = 0.062atht-10km.

hy
From equations (7), (8), and (9)

corrected
corrected (4.16) (1.00) (1 - 2 x 0.0095) ( 1.032)
Zcorrected
VYeorrected = 1.42 x 10'2 pr. cm.
k.

Ans dcori‘ected 4,22 km,
S

x
corrected

Case b) Determination of w, d, and z for Known Weather Conditions

5 km.,

= (2.76 x 10'2) (0.80) (1 - 0.0095) (0.65)

=3.21 x 10°2 atmo cm,

= (3.20 x 10°%) (1.00) (1 - 0.3 x 0.0196) (1 +0.15 x 0.062)

When the weather conditions are known over the path, the.following proce-

dure can be used:

T

1I1-9

eq (10)
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2rT_q3/2 :
. i P o
= — . q (11) .
o - [55) [ 7] | iy
, z]
p 10:3 [T 10.15 :
z, = (u) [-15—] [—.-r-J , , eq (12)
o] : .

Use Figure 2 to determine the geometry of the line of sight with respect to
the Earth., Values for w, d, and z .can be obtained as follows:

Let: ARi = incremental distance along the infrared path,
R : - | |
w = Z wy ARi . eq (13)
1=0 : '
(d) can be obtained in a similar manner to (w). -

(z) can be obtained in a similar manner to (w).

EXAMPLE ]
Given
h ~ =h =15km. ]
R = 18 km,

' ,,
S— [

et N b, S A+ <+ 2

U
1}
e
s

91,00 mm Hg

T = 220°K

|
R.H. = 60% }
f = 0,031% for’ COZ . ’
Required
Findw, d, and z ;
Solution
T« find x, refer to a psychrometric chart at temperature ZZOOK’ }
x=1.6x 10"5 '
e [ . |
To find [r—model] :
C 2 "
From Table 1, fmodel =0,032% ' -t
f _ 0,031 _ il
[= | = 5o - o9 t
model co
2

1I-10 ]




To find u , see Figuu 18 assuming the model atmo-pheu appuu.

'ath

u=6,3x 10 atmo cm/km max(0;)
. - 3

-15km

) l‘rom .qumon- (10), (11), and (12)

wy, = (122.56) (0.60) (1.6 x 10°%) [9l 01[12_%%_]
3/2 | |
4 = (0.97) [?71;‘3-] [%2-%] .

0 0.15
-3,191.0] “[288] ™
h = (6310 )[?6‘6]"3['276]

Wy = 2.1 x 10-4-pr‘. cm.

32

Sdy =.0,0208 km.,

£, = 3.5 x 10.3 atmo-cm,

F rom equation (13)

- |w sw xR=21x10"%x18=3.78x10"> pr. cm.
h . T

Ans{d =0,0208x 18 =3,75 (10'1) km.
-

1z =35x103x 18 = 63 x 10°2 atmo-cm;
R 5 ]

Osone Concentration, Use Figures 21 - 23

‘This part will cover methods to obtain correct values for (w ) and (s) if -

tion differs from the model. Part a) will deucribe the method- used to cbuin
~ the correct value for ( w ). Parthb) will describe the methods used to- -gbtain the

1-5.

. Let: o i
h! = fictitious altitude, k.m,
htr op = altitude of tropopause

hmax(o ) = altitude of maximum ozone concentntion
kH 0 = correction factor for water vapor when h' is und Figure 22

2
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Part 6: Clungen in the Altitude of th ; Tropopaule and the Ali:itudo of Maximum )
A s
the altitude of the tropopause and/ or the altitude of maximum osone concontru :

correct value: for (%), The correct values for (d- ) can be obtained as in Parts -
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ko = correction factor for ozone when h' is used, Figure 23
3 .‘
w! = fictitious value. of Wi W, W , and w
v h-w
z' = fictitious value of z , z , 2 , and z
h v he o

Case a) Water Vapor - Changes in Altitude of Tropopause

The tropopause is defined as the minimum altitude at which the temperature
gradient abruptly changes, see Figure 20. This is assumed to be at 11 km. in
the ARDC model atmosphere, It can be seen from Figure 17 that the water vapor
mixing ratio alao changes slope abruptly at the tropopause. In the troposphere,
the water vapor model assumes constant relative humidity. In the stratosphere,

the mixing ratio remains constant.

If the altitude of the tropopause changes, it will be assumed that the relative
humidity will remain constant at 100% below the tropopause and the mixing ratio
will remain constant above the tropopause, It will be assumed further that the
temperature is at 288°K at sea level, that the temperature gradient will remain
constant and equal to that of the model below the tropopause (see dashed line in
Figure 20), and the temperature is constant above the tropopause up to an al-
titude of 25 km. These models of relative humidity - mixing ratio and tempera-
ture versus altitude model will be referred to as the "model atmosphere cor-
rected for tropopause altitude changes.'" The following method can be used to
correct the model atmosphere for changes in tropopause altitude.

If: hlow < htrop - 3 km., or hlow >"htrop + 10 km,

Use the model

If: hlow ;xhtrop - 3 km, and h'low £ htrop + 10 km,

Use the following procedure:

Step 1 '
Let: h*= h+11.0 - htrop eq (14)
Go into figures 5, 6, 10, or 11 with the values of ( hy |3 (h": ), and
(hx"n in ) as computed from equation (14). Determine the appropriate

values of (w' ) as was done similarly for ( w ) in Parts 1-4 of Section Ill.
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- Step 2

Correct ( w' ) to the proper value of ( w 1 ), where:

mode

w

model = k1-120 + ow! eq (15)

k can be obtained from Figure 22
HZO

-

Steg 3

The above value of ( W odel ) and the '""model atmosphere for tropopause
altitude changes'' should be used as the reference model for correcting for
existing weather conditions. Use the same procedure as outlined in Part 5

of Section III in order to make such corrections,

EXAMPLE

ho = 15.0 km.
ht = 20.0 km,
R = 475 km,
R.H. = 80% and constant in troposphere
Latitude = 38° North
Date = January 1960

Reguired
Find w

Solution

From Figure 2, hmin = hlow =13.0 km. This is a Type 2 infrared path,
see Figure 1.

Step 1
o find h refer to Figure 21,
trop

L

h = 14.0 km,
trop

From equation (14)

h; = 15.0 +11.0 - 14.0 = 12,0 km.

T
h, =200 +11.0 - 14,0 = 17.0 km.

' '
B in = B oy = 13-0 + 110 - 14.0 = 10,0 km,

As in Case b) Part 4 Section LI (P, 5 )
R .

L (at h!

min) = 0,130 pr. cm.

1 =13

< oo

A £ 3 s s -
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w}'l . (at h;) = 0,027 pr. cm,
wl'_x e (at h":) =0,0036 pr. cm,

From equation (6)
w'=2x0,130- 0,027 - 0,0036 = 0.229 pr. cm.

Step 2

h - h = 13,0 ~--14.0 = -1,0 km,
low trop

From Figure 22
“H,
From Equation (15)

W iy =2.8% 1072 x 0.0229 = 6.4 x 10"> pr. cm.

0=2.8x1072

Step 3

To correct for weather changes:
R.H. 80%
RH. = Too® - 0-80

model

Assume the pressure versusattitude corresponds to the model, i

AP _,
.

To find CH2 0f

From Figure 21, T = 210°Kath, =13 km.

low

From Figure 20 assuming h = 14 km.
trop .

[o)
T =203K at hlow =13 km,

AT) 210 - 203 _
[—T—J- 310 = 0,033

hlow

From Figure 15

C = 2.9ath

= 13 km,
0
HZ

low
From Equation 7:
-3
¥ corrected - (64 % 10°7)
Ans

Wcy:u' rected

(0.80) (1 +0) (2.9)
=1.5x10"% pr. cm,

II1-14
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Case b) Ozone - Changes in Altitude of Maximum Ozone Concentration !
i

It can be seen from Figure 18 that the maximum concentration of ozone oc-
: - curs at an altitude of 23 km. in the model. The altitude of maximum ozone con-
centration may be changed by displacing the ozone curve, Figure 18, in altitude

_ without altering its shape., This model will be referred to as the "model atmos-

phere corrected for altitude of maximum ozone concentration.' The following
method can be used to correct the model atmosphere for changes in the altitude

of maximum ozone concentration.

Step 1
Let: h'=h +23.0 - hmax(03) eq (16)

Go into figures 9 or 14 with the values of ( hy ), (h{ ), and (h;nin ).n com-
puted from equation (16). Determine the appropriate values of {( z' ) as was
done similarly for ( z ) in Parts 1-4 of Section III.

SteE 2

Correct (z' ) to the proper value of ( z where:

model )

Z odel = ko . 2! eq (17)
3

kO can be obtained from Figure 23
3

Step 3 ;

The above value of ( Zodel ) and the "model atmosphere corrected for altitude
of maximum ozone concentration' should be used as the reference model for
correcting for existing weather conditions. Use the same procedure as out-

lined in Part 5 of Section IlI in order to make such corrections,

EXAMPLE
e ——

Given

omw oems My GINN U UNE OND TN e ey

15.0 km, ;
20.0 km.
= 21.0 km. R
3)

R = 475 km,

u, = 0.350 atmo-cm. = amount ozone in a vertical column
Latitude = 38° North

Date = January 1960

inda z

h
[+

By

h

max(0

ii1-15




Solution

From Figure 2, h = hlow = 13.0 km,

min
This is a Type 2 infrared path, see Figure 1,
Step 1
From equation (16)
h:) . =150 +23,0 - 21,0 = 17,0 km,
h = 20,0 +23.0 - 21,0 = 22.0 km,

h! . =h' ,=13,0+23,0- 21,0 =15,0 km.
min ow

As in Case b) Part 4 Section III (P, 5 )

2 (at hx'fnin) =1.86
21'1 . (at h'o )} =1.25

zy, . (ath!) =062

From equation (6)
z2'=2x1,86 -1,25 - 0.62 = 1.85 atmo-cm.,

Step 2
From Figure 23

k03= 1,10
From equation (17)

z = 1,10x 1,85 =2.04 atmo-cm.

model

Steg 3

To correct for weather changes:

To find

Ymodel

From Figure 18, u = 0,229 atmo-cm,

model
u = 0,350 atmo-cm is given
u_ 0350

2],53
“model ’

Auume‘thé pressure versus altitude corresponds to the model, i.e,
—A-Fp- =0

II-16
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To find & : ;

From Figure 21:
T = 210°K at h, = 20 km.
From Figure 20, for model atmosphere
. T =216.6°K at h, = 20 km.

AT_210- 216.6
T =~ z10 --0.031

R

[ From equation 9:
: l Z orrected © (2.04) (1.53) (1 + 0) (1 +0.15 x 0.031)
3 Ans
v I Zogrrected - 3.13 atmo-cm,
|
!
&
4
L
1II-17
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Altshuler, ref. 3.

SECTION 1V

DETERMINATION OF ATMOSPHERIC TRANSMISSION AND
RADIATION OF INFRARED

This section will cover methods for obtaining the atmospheric transmission
and spectral background radiance of infrared, Once values for (w ), (d ), and
(z) are known, one can go to Figures 25 - 46 and obtain the atmospheric trans-

mission and also calculate the spectral background radiance of the sky,

Infrared is attenuated in the atmosphere by molecular absorption, aercsols
""haze'' scattering and by absorption by solid particles such as dust. Only mole-
cular absorption and scattering by haze will be considered here, since solid

particle absorption is considered to be negligible for most practical applications.

This section is divided into three parts. Part (1) gives methods for de=-
termining the transmission of infrared by the atmosphere. Part (2) gives meth-
ods for determining the molecular absorption of infrared by small quantities of
gases and vapors, Part (3) presents methods for obtaining the background

radiance of the atmosphere,

Part (1): Transmission of Infrared by the Atmosphere, Use Figures 24-45
L

Molecular absorption is caused by the vibration of atoms within a gas
molecule and the rotation of the molecule. The vibration of atoms within the
gas molecule is responsible for the infrared band absorption spectra while the
rotation of the molecules aré responsible for the fine line spectra within the abe
sorption bands. If the absorption behavior of an infinitesimal wavelength seg-
ment of a spectral line were observed, Beer's absorption law would be obeyed,
Thus, the absorption of a spectral band could be obtained by integrating the ab~-
sorption of each such wavelength increment over the thousands of lines that make
up the spectral band. The work involved would be enormous. For this reason,
the average absorption of many lines over larger wavelength increments is used,
and the resulting spectral band will appear as a smooth curve, The absorption

behavior of these larger wavelength increments do not obey Beer's Law, but

follow instead much more complicated laws, viz. the Elsasser model, the Goody

model, the King model, and the Plass model, Such models are described by

Figures 25-44 are transmission curves on graph paper designed to preserve

V-1
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the shape of the curves as the amount of absorbing gas varies. The abscissa

( logl&) was designed with increments equal to 0.01 units. Large errors

will not be introduced when calculating the total atmospheric transmission ver-
sus wavelength. The data from which these figtirel were obtained came from
numerous sources, A complete description of this is given in the Appendix F
and in Table 3. The data for water vapor and carbon dioxide is considered to
be the most reliable due to the extensive experimental work done by Howard,
Burch, and Williams, reference 4, and by Palmer, reference 5, The data

for the 4,5 micron band of NZO by Burch, reference 6, is excellent also,

The absorption of infrared due to haze is given on Figure 45, It is as-
sumed that the amount of haze will be distributed with a uniform mixing ratio
versus altitude, thus values of (d ), equivalent path length, are used., Such
an auumptioh agrees with data obtained from Taylor and Yates, reference 1,

The absorption bands for CI-I4 and CO are not included in this report.
They are so weak in comparison to those of other gases that they are not con-
sidered to affect the atmospheric transmission sufficiently to warrant their
inclusion,

Let: A = wavelength in microns

Ty olA)= transmission of H,0 vapor at wavelength {2 )
2

T C0, (M) = transmission of G0, at wavelength (')

to (A) = transmission of 04 at wavelength (A )
TN.O {A) = transmission of NZO at wavelength ( A)
2

T (A) = transmission through atmospheric scattering particles (haze)
scat,
at wavelength (A )

T A (A) = atmospheric transmission through the infrared path of infrared
radiation at wavelength (A )

To obtain the atmospheric transmission:

Steg 1: With the use of dividers, mark off on the '"index'" the amount of ab-
sorbing gas present in the infrared path, i.e. (w), (d ), and (z)
as found in Section III of this report. Use the fine scale between 1

and 10 on the "Index" for interpolating between the major divisions
- on the "Index, "

IvV-2
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Step 2: Locate the major division on the "Index'" corresponding to the values
of (w), (d), or ( z ) identifying the curve on the figure.

Step 3: The transmission is obtained by displacing the transmission curve
~ by the same amount and direction that the entry value differs from
the curve.

Step 4: Read the transmission (+ ) for each gas, water vapor, and haze at
the same wavelength and calculate:

rAld) =[rHZo(A)} x ['COZ(A)J X[r 03( A)]x[ero(A )Jx['"at.(*)l

eq (18)
Step 5: Repeat Steps 1 - 4 for each ( logyq A ) division ( 0.01 units apart)
over the wavelength region dealre% in order to obtain the atmospheric
transmission if not indicated otherwise in Figures 24-45,

M TR o G s e

EXAMPLE
Given
From the EXAMPLE in Case a} Part 4, Section II1
w = 38,5 pr, cm, '
d 70.7 km.

z = 0.45 atmo-cm,

-

Assume a very clear day,
Required
Find the atmospheric transmission at 4.8 K,
Solution
From Figure 27, r HZO =0.18
From Figure 35, r co. = 0.37

0.735

From Figure 39, r 0

eous e GBS Sy UGN GIE W ) bewy  peeny

From Figure 42, ' N..0 1.00

n
s s 0 SO i % 5

From Figure 45, r scat” 0.28

From equation (18)
(48)-018 x 0,37 x 0,735 x 1.00 x 0.28

Ans t A(4.8) = 0,0137 = 1.4%
— T—

Part 2, Apparent Target Radxance, Use Fzgures 46 47 a.nd Template B

The results of the atmospheric transmission can be plotted as a function’
of wavelength. These results can then be used for calculating the amount of
radiant energy that. wiil be transmitted by the line-of-sight. This apparent

Iv-3
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spectral radiance at the target as a function of wavelength per unit wavelength
interval can be found by taking the product of the spectral target radiance and the
line-of-sight transmission in that interval., If target data is presented in terms
of spectral target radiance per unit interval, Q )., the apparent target radiance
is given by

Q')‘ =r A .Q)«
where

Q)

A\N=0.023 , N,

If, on the other hand, the target spectral radiance is known to be that of a
Planckian radiator, the following procedure can be used to find Q) .

Let: N, = gpectral radiance of target, wa.tt:s/c:m2 - ster. -y
Q, = spectral rzadiance of target over the wavelength increment (A A ),
watts/cm® - gter. - AA
Q =

maximum spectril radiance of target over the wavelength increment
max (AA ), watts/cm® - ster. - AA

T = temperature of target, degrees Kelvin
A = wavelength, microns
Amax = wavelength at Q, , microns
_ max
A = wavelength increment such that:

loglo( A +AAN) - loglo(k) = 0,01 eq (19)

For black body type of radiation, refer to Figures 46 and 47 together with
Template B, Template B should lay over Figure 46 s& that the horizontal line
S : . : A _1n-4 .
of the template coincides with the abscissa ( the line =10 7). Slide the

Qa
max

template back and forth keeping these lines coincident until the vertical (M max )}
line of the template coincides with the appropriste target temperature indicated in
the bottom scale of Figure 46. Now read off directly as a function of

Q,
loglo . max

From Figure 47, ( Q, ) is given as a function of target temperature,
m

Therefore, ax

Q.

Q, =¢ Q,. eq (20
A Ma M ax q (20)

« L M max
where ¢, is the spectral emissive power (¢, = ¢ =1 for a black body, or

total radiator,)

Appendix G covers the theory upon which Figures 46 and 47 and Template B are

based,
Iv-4
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EXAMPLE

Given
T = 800°K
Required
Find Q, at A =10
Solution

From Figure 46 and Template B -
Q, ~
o TH = 0.45

max
From Figure 47

Q, = 1.2 x 10-2 watta/cinz - ster - AA

max
From equation (20)

' _z -

watts/ cmz

. .
B S v iy g oo a e T R Y

- ster - A

Part (3): Molecular Absorption of Infrared by Small Quantities of Gases and
and Vapors, Use Figure 48 and Figures 24-45

When the quantities of gases and vapors are sufficiently small, the absorp-
tion of infrared is proportional to the quantity of gas. Normally, such ablorption
behavior is known as the "linear region' of the absorption curve, and occurs at
low values of absorption (A gas < 0.05) irrespective of which absorption model
appliei; viz, the Elsasser model, etc. In actual fact the absorption function is
dependent on the spectral line half width, The latter in turn is a function of pres-
sure, A specific abaor;ition model that best rep‘brelentn the behavior of the gas
has been used with each gas in question, The Figures 24-through 44 are the re-
sults of these assumptions. The arguments for model selection are presented in
Appendix F and are summarized in Table 2. These assumed models fail to hold
when dea.ling with small quantities of gas (Figure 58). Calculation based on the
linear region of the model absorption curve then have to be corrected to bring

these values into agreement with the actual absorption.

Figure 48 shows the linear absorption regions for various gases and vapors.
The absorption refers to the absorption of a gas in the line-of-sight. The altitude
Fefers to the lowest altitude of the line-of-sight ( by, ). 1f the absorption of the
gas in question is below that value given in the curve then the relationship

u

A =005

- whera 1 km @ SL = 32 atmo-cm for Co,

IV-5

0.05

holds as follows. For coz: A=l

32

u u
_C9% . 0.0016 a_cﬂl
Y95% 95%

ok P
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No other corrections need be made since the data plotted in Figure 32 through
Figure 38 are based on experimental data (Figure 58),

HZO: up o
A =0.012 —2__  from Figure 58
for 0,:
or 3- uo3
A =0.07 from Figure 58
%95%
for N,0: u 0.06 UN,0
A=0.06 N20 o A= ¢
U957° 0.027 d957°

where 1 km. @ SL =0.027 Atmo-cm. for N0
Calculation Procedure

Step 1:

Use Figures 24-44 to determine w95%, d95%‘ and z95%. This is done

by measuring the distance between the absorption curve and the 95%

T3 el

transmission line for increments of log A = 0,01. This will give the

amount of gas needed to give a transmission of 95% at the wavelength

under consideration.

Step 2: »
~ Solve for A s A A, , and A
H,0" 7°Go,’ "0, N,0
quO
AH 0= 0,012
2 Y95%
u
Co
Acg,= 0-0016 2
d95%
“03
Ao = 0,007 =
3 95%
“Nzo
A = 0,22
NZO d957.
EXAMPLE
Given
uHZO =1.9x 10-4 pr. cm,
ucoz = 1,07 x 10z atmo-cm,
ug =2,5x 10"2 atmo-cm,
3
“NZO =9.05 x 10”2 atmo-cm,

hlow = 10 km,

from:

eq (21)
eq (22)

|
eq (23) i] ‘.
eq (24) g

e =

| ] | i}

[PV
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Solution
At 4,04
From Figure 27, w95% =20 pr. cm.
From Figure 35, d95% = 32 km for COz
From Figure 39, Zggeg = ®

From Figure 42, d95% = 4.2 km, for NZO

From equations (21 - 24)

,
-4
) 1.9 % 10 i
Ap,0 = 0012 =55 _114x 1077
k]
A =oo0016 LOTx10% 5.3 x 1073 |
Coz = . T = . b 4
Ans «
2.5x 1072
A, =0.007 Z =0
0, ~ 'S
A . =022 2:85x 1072 47 x 1073
L NZO = 4.2 -

From Figure 48, these absorptions are below the curves at h = 10 km,

so the calculated values of low absorption are correct,

Part (4!: Background Radiation of the Atmosghere, Use Figures 1 - 49,

When gases or vapors absorb infrared radiation, they become hotter unless

they radiate energy. If the amount of energy radiated equals that absorbed,

then the temperature of the gas will remain at equilibrium,

The same mechanism governs the infrared radiation and absorption be-
havior of gases, Thus, the amount and spectral distribution of the radiated
energy is a function of the infrared transmission characteristics of the gas

-as well as its temperature. The following procedure may be used to deter-
mine the background radiation:

Let: H = irradiance at the observer, wa.i:ts/cm2

Iv-7
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H), = gpectral irradiance at the observer over the wavelength interval ]
(AA) at wavelength (A ), watts/cm2 - A :

Q, ; = spectral radiance of a black body radiator at the temperature of )
: the gas in the (i th ) layer and over the wavelength increment !
(AX) at wavelength (A ), watts/cm?2 - ster. - A A

Ti = temperature of the gas, degrees Kelvin, (i th ) layer. ;
A = wavelength, microns. f
AA = wavelength increment such that:

logo (A + AX) - log o (A )=0.0 f

TA {\) = atmospheric transmission at wavelength ( A ) from the (i th )
’

{)oint on the infrared path to the observer, see Figure 49. There are
n ) such points. i

o = solid angle measured from the observer, steradians,
Step 1 {

Divide the atmosphere into horizontal layers which may be considered to
be isothermal, see Figure 49. Find the temperature of these layers from
Figures 20 or 21 unless actually known. Above the tropopause, the atmos-
phere can be considered to be isothermal,

Step 2 « z
Determine the intersection of the infrared ray with the boundaries of the ’
atmospheric layers, see Figure 49, The portion of the infrared ray be-
tween its intersection with a boundary at the (i th ) location and the ob-
server is known as the " (i th ) infrared path '"'. Determine the geometry
of that path with respect to the Earth as explained in Section II.

Steg 3

Determine the values of w, d, and z in the ' (i th ) infrared path " using
the methods described in Section III.

e

e —

Step 4

Determine the atmospheric transmission in the ' (i th ) infrared path "
at wavelength ( A ) as described in Parts (1) and (2) of Section IV.

Step 5
Determine the values of Q) . for each layer of atmosphere using the

methods described under ' Thermal Energy Calculations ' Part (1) of
Section IV. The (i th ) layer is within the bounds the infrared path at
the (i th ) point.

Step 6 :
Determine H),, from:
n !
Ha.wzl Q ; [' A,i-l(")"A,i(”] eq (25) ;
i=

If the atmosphere is isothermal for the entire infrared ray extending
from the observer, then equation (25) can be simplified to: i

Iv-8 )
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H) = Qx[l-rA(h )] eq (26)

SteE 7

Repeat steps 4 through 6 for each wavelength increment (A A ) over the
wavelength region of interest (A 1 to A Z)’ and determine H as follows:

Ao

H - Z H,. eq (27)
A= 1

Appendix H covers the theory upon which equations (25) through (27) are

based.
EXAMPLE
Given
h =173 km
o
6 =-3°
° -4
@ = 10  steradians

Haziness - average
Required
Find Hy at A~ 5.0p4 , i.e. logw)s = 0,70
Solution
Step 1
Divide the atmosphere into isothermal layers, see Figure 49, and

determine their temperature from Figure 20.

Layer 1 2 3 4 5 6 7
Altitude of
layer bottom |.11km 10 9 8 9 10 11 km
T 217°K [223°%k | 229°k |236°k |229°k | 223°k | 217°k
Step 2
Determine the geometry of the infrared path.
Path 1 2 3 4 5 6 7
ht 11 km 10 9 9 10 11 .
hlow 11 km 10 9 8 8 8 8
ho =17.3 km,
hmin = 8,0 km.,
1v-9
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Step 3
To find w, d, and z, From Figures 10 - 14,
Path 1 2 3 s ) s e |
w, pr. em 13.0x102[5.3x10 2}1.27% 10°1 | 1.01 | 1,08 |1.10 |1.14
d, lm. 5.4 8.6 14.6 52 | 58 | 61 | 67
z,atmo-cm | 0.40 | 0.50 0.60 |1.10 ]| 120 |1.30 J2.60

Step 4

To find 'A.i()t-) at loglok = 0,70:

Read transmission versus w, d, or z at logloh = 0.70 in Figures 27, 35,

39, 42, and 45.

Path 1 2 3 4 5 6 7
Tay0 (V) 89 | .86 | .18 |0 | 49 | 49 | .49
f co. (A) 1,00 | 1.00 | .99 |.958 | 954 | .953 | .950
2
ro. (A) 971 | .968 | .965 | .955 | .950 | .947 | .928
3 i
"N,0 (A) 1.00 | 1.00 [1.00 [i.00 [1.00 | 1oo |1.00
tcar(A) 83 | .13 | 6o |6 | a3 | az | .09
o (A) 727 | .608 | .448 | 073 | .058 | .053 | .o039
Step 5
To find QA - from Figures 46, 47.
»
Layer 1 2 3 4 5 6 7
N, | 1.3x107%] 1.8x107% 2.3x107% 2.8x10"%2.3x10"] 1.8x1072|1.3x10"2
Q, 6.9x1072) 7.6 x 1073} 8.4x10°%| 9.4x10"58.4x10"5] 7.6x10"> |6.9x 107>
7 ) 3
Q,, 9.0 x 1077 [1.37x107%1.93x10"%f2 .6 3x10” Y9310 ~®J1.37x107® |9.0x 107
1V-10
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Step 6

To find - Hb frém equation (25),

TR 0 Oty A o

=T e T e D e B e B e Bl

oo

Ans

pusm—

UTp—

e}
"

X

7
= 104 -6
A 0Z 'Q;\i(rA,i-l-tAi)—m x 1.75 x 10

Qi ttai1- "ad =

1

i=1

10

1.8 x 10"

watts/cm2

~AA

Iv-ll

e 1 2 3 4 5 6 7
———
‘ *A i1 1 727 .608 448 .073 .058 .053
l " 727 .608 448 .073 .058 .053 .039
f' ! '- o N . t
2 ('A.i"l 'A‘ i) 273 119 .160 375 015 .095 col4 T
.- Qi 9.0x10" ' [1.37x10"° l.93x10"‘2-63310.6 1,93x10~°]1,37x10"%} 9.0x10"
' " = =7 - p - - 31
% f Q (#4117 "a, )| 246x107 " [1.63x107 '[3.09x107 *}9.86x10"" [2.89x107"|6.85x10 1.261:10.(
7
1.75 x 1076
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TABLE 1

CONCENTRATION OF INFRARED ABSORBING GASES

Ga.é Concentration, Amount in 1 km path
parts per million at sea level, atmo-cm,

C()Z 320 32.0

N20 0.27 0.027

CH4 2.4 0.24

Co 1.1 0.11

These gases all have approximately constant mixing ratios with air versus
altitude between 0 km., and 50 km.,
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GEOMETRIC RELATIONSHIPS FOR
VARIOUS TYPES OF INFRARED PATHS

min h
IR PATH 1 - o

TYPE 1

h hmln h
4 '
TYPE OO
TYPE I

Figure 1
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TABLE 1

CONCENTRATION OF INFRARED ABSORBING GASES

Gas Concentration, Amount in 1 km path
parts per million at sea level, atmo-cm.

COz 320 32,0

NZO 0.27 0.027

CH4 2.4 0.24

Co 1.1 0.11

These gases all have approximately constant mixing ratios with air versus

altitude between 0 km. and 50 km,
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GEOMETRIC RELATIONSHIPS FOR
VARIOUS TYPES OF INFRARED PATHS

min
IR PATH l ‘ fy hy

TYPE 1

TYPE TI

hlow * hmln

9 min

TYPE IO

Figure 1
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INFRARED PATHS

Due to the Earth's curvature and the refraction of infrared rays as they
| pass through the atmosphere, the geometry of the infrared path with respect
r ! to the Earth is not simple, Thus, Figures 2, 3, and 4 were derived from

the following theory.

ma——

Let: a = height from the Earth's surface to point Y, see Figure 50.

D = diameter of the Earth = 12,713,53 km, (1959 ARDC Model Atmos-
phere)

fovemmun

h = height from the Earth's surface to point X, km.

n index of refraction of the atmosphere with respect to infrared

radiation.
= air pressure at point X, mm Hg

= sea level pressure = 760 mm Hg

= range from point 0 to point X along the infrared path, km,
= distance between the center of the Earth and point X, km,
= air temperature at point X, ®Kelvin

= 273.17%K

‘= point on infrared path assuming refraction, see Figure 50, ‘

[+]

Y — \
ey e i) by ey paey

S MHAHA" B YW
I

= point directly above Point X and laying on a straight line tangent
to the infrared path at point 0, see Figure 50,

= angle between a tangent to the infrared beam at point X and a
line parallel to a tangent to the Earth at point 0.

0 = elevation angle

¢ = elevation angle at point 0

¢ = angle subtended at the Earth's-center and points 0 and X,
A wavelength _

r A% tan 9 +r (sec Ad-1)

r A¢ sectd

r =-% +h

J—
H

> >
w
" "

6 = + a
$ ta A $2

By series expansion, (secA¢-1) = -

Combining terms, .

Ah ;(—%+h)“ta.n(¢+a~)+e-;-} A | eq (28)

|
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AR:(%-O-h) sec (¢+a)A¢ : eq (29)
From Snell's Law |

n+dn _ sec (0 +Aa
n sec

When €0 < 8°, this reduces to

_An _ An
“'-T'ﬂ'r.)

From Penndorf, reference 7

T
n=1+28797 x 1078 -.I.-'-) (1513) at A =2.0  which is a good aver-
s age value for infrared,

From the 1959 ARDC model atmoaphere to determine T and Pvs, h
-0.10611 x h

n =1+0.00027299 e O h 9.5 km,
An =0.000028967¢ 010611 x by
n = 1+0.00027299¢(~0:15351 x h +0.44076)
h > 9.5 km.
Am = -0.000041906¢!-0+15351 x h +0.44076) , |
Summarizing the important equations,
Ah = (6,356.77 +h) [tan (¢ +a) +A_f] eq (28)
AR = (6,356.77 +h) sec (¢ + a A eq (29)
ae = 2 eq (30)
An =-0.000028967¢ 010611 X B\ 0 b ¢ 9.5 km. eq (31)
An = -0,000041906¢("0-15351 x b +0.44076) 5, .\ 5 g 5 1oy eq (32)
h = I Ah, over the infrared path eq (33)
R = 3% AR, " " " 1] ) eq (34’
a - x A.‘ 1] " " 11} U eq (35’
0 = ¢ +a eq (36)

This summation was done on a Librascope LGP 30 computer to give the date for
Figures 2, 3, and 4.
VI-3
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To Extend the Infrared Path to Any Range

If none of the infrared path is below an altitude of 50 km., or if ¢ min >7 »
assume there is no refraction of the infrared ray and that the Earth is a sphere,
The problem reduces to a simple one of plane geometry and trigonometry.

Otherwise,

Let: b =I2) + 50 km, see Figure 51

2 radius of Earth = 6356.77 km,

-2
1]

altitude, km,

b
]

= h -~ 50 km, see Figure 51.

r
z
0 go= elevation angle at point X, degrees,
0

= elevation angle at point y, degrees,
é 50" angle between OCX, see Figure 51.
¢ 50° angle between OCY, see Figure 51,

range from (hmin) to point y, km, see Figure 51,
Rg o= range from (hmin) to point X, km, see Figure 51, iR
= range from point X to point y, km, see Figure 51,

(o)

= SN e

LrSe——
i

et s

see Figure 51,

see Figure 51,

——————

2 2 2
cos (900 + aso)gb +r - (b +2z)
2br
22 +2bz - r2 - 2br sin 0 = 0
50
z = -b +Vbz+r2+2br sin 6
50
. 2, . 2 2
r = -b (sin 950)+Vb (smoso) + z +2bz
2 2
0 =min~) |2 _+2bz - r"
50 *" (T"’""‘br
h = g +50
R
==R50+r

b "]2)‘ + 50 = 6406.77

b2 = 41046701.83
VI-4
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2

r cos 0 50]

Combining the above equations,

1’ 2 2 .
h =-6356,77 + \/b™ + (R - RSO) +2b (R - RSO) sin 0 50

R = Rg, -b(sin 0

so) +

b? (sin 050)2 + (b - 50)% + 2b (h - 50)

50

6 =0

b =6406.77 km,

These equations (37) - (41) can be used with Figure 2 to determine the geom-

- 0
. ain'l {R Rso) cos 50
50 h +6356.77

2 2
h - 5 - - -
0 . gin'l [ ( 0)" +2b (h - 50) - (R RSO)

2b (R - Rsa

]

eq (37)

eq (38)

eq (39)

. eq (40)

eq (41)

etry of any infrared path, regardless of range, with respect to the Earth.
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APPENDIX B
AMOUNTS OF GASES AND VAPORS VS. ALTITUDE

Part 1) H,0 Vapor

*

Figure 17 shows the mixing ratio and relative humidity of water vapor as
a function of altitude. Constant relative humidity (100%) is assumed below the
tropopause ard con-to.rnyt"m‘ixing ratio is assumed above the tropopause. The
mixing ratio in the troposphere was determined from assuming the tempera-
ture and pressure is that of the 1959 ARDC model atmosphere. A psychrome-
tric chart was used to obtain the amount of water vapor per unit volume as a
function of temperature.

The assumption of constant relative humidity in the troposphere is con-
sidered justified for the following reasons, Data giving averages of water
vapor versus altitude for Columbia, Pittsb'urgh. Washington, D.T., and Cape
Hatteras were compiled by Martin, reference 8, Since he assumes square
root pressure broadening while this report assumes linear pressure broaden-
ing, some of the data was converted to H,0 vapor mixing ratio versus altitude.
Figure 52 shows plots of such data for Washington D.C, Martin's data was
converted to water vapor mixing ratio by assuming that the average weather
conditions coincided with the 1959 ARDC model and atmosphere corrected
for temperature. The temperature correction assumes that the lapse rate .
remains the same as in the ARDC model, but the sea level temperature is that
value indicated in Figure 52, These sea level temperatures were obtained from
the Weather Almanac, reference 9. From Figure 52, it can be seen that the
relative humidity remains at about 80% in the troposphere for altitudes above
| 1.5 km. For simplicity, a model of 100% relative humidity is assumed in the
tropopause. The corrections can be easily made for existing weather condi-

tions. Otherwise, assume 80% relative humidity to correct the model, see
Part 5) of Section 1H,

The assumption of constant mixing ratio in the stratosphere is made due
to data obtained ffom reference 10,

Part 2) C:()z
ZEeEEE— —
Carbon dioxide appears to be uniformly distributed in the atmosphere with
& concentration of 320 parts per million of air, ‘see Table 1. This data was ob-
tained from Goldberg, reference 11,
' VI-7
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Part 3) 0,
L 3

The distribution of ozone in the atmosphere is assumed to be that as shown
in Figure 18, The maximum ozone concentration is considered to exist at an
altitude of 23 km,

This Figure, 23 was obtained by averaging values of ozone concentration
at Flagstaff, Arizona, as given by Miller, reference 12, For sea level, the
value of ozone concentration was taken to be 2.6 parts per million from Taylor
and Yates, reference 13,

Part 4) Nzo
E
Nitrous oxide appears to be uniformly distributed in the atmosphere with

a concentration of 0.27 parts per million, see Table 1. Birkeland and Shaw,
reference 14, have measured the abundance of nitrous oxide in ground level
air. Goldberg and Mdiller, reference 15, state that the mixing ratio is uniform
for N,0 versus altitude,

Part 5) CH,
o

Methane appears to be uniformly distributed in the atmosphere with a con-
centration of 2.4 parts per million, see Table 1. Shaw, reference 15, measured
the concentration of methane. Goldberg and Muller, reference 15, state that
the mixing ratio of methane is uniform versus altitude.

Part 6) CO

Carbon monoxide appears to be uniformly distributed in the atmosphere
with a concentration of 1.1 parts per million according to Shaw, reference 15,
See Table 1,
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APPENDIX C

DETERMINATION OF AMOUNTS OF GASES
AND VAPORS IN THE INFRARED PATH

Part 1) Determination of w, d, and z
e e

The transmission of infrared through the atmosphere is a complex func-
tion of the quantity of gas, its pressure and temperature, and the wavelength
region under consideration. Section IIl covered methods for determining the
quantity of gas present in the infrared path reduced to the common denominator
of sea level conditions, i.e. 760 mm Hg pressure and 288°K temperature,
Figures 5 through 14 were derived in the following manner.

Let:

-
"

generalized absorption coefficient, see eq (48)

o

exponent, varies from 0 to 1,0,

= pressure

WS

pressure = 760 mm Hg

o

sea leve equivalent quantity of a gas, i.e, w, d, or z.
distance (range) of the infrared path, km.

total intensity of a spectral line.

temperature, degrees Kelvin
temperature = 288°k

€ X 3 0
"

actual quantity of a gas or vapor

actual quantity of a gas or vapor per kllometet horizontally at
altitude (h).

half width of a spectral line

[
-2
"

&y = half width of spectral line at sea level conditions
3 = average distance between lines in wavelength region (A'),
A = wavelength, microns,

r. (A) = transmission of a gas at wavelength regwn { A') covering at least
15 spectral lines,

-

Elsasser, reference 17, Goody, reference 18, King, reference 19, and Pass,
reference 20, have developed theories for predicting the transmission of in-

frared through various gases. These theories are represented by equations (42),
(43), and (44) as:

rA) = f(,e,d,S) eq (42)
For small quantities of gases, the transmission reduces to: '
. Su
@) = 1. T eq (43)
Vi-10
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For large quantities of gases when the atmospheric pressure is sufficiently low,

r(A)= f(-i“{-) eq (44)

For intermediate regions, the transmission can be approximated by a function
such as:

n
S @
r(r)= f ("EEHT) : eq (45)

where n vafies from O to 1,
It can be seen that equation (45) reduces to equations (43) or (44) if n = 0 or
n=1, " ‘~
The spectral line intensity (S), the average line spacing (8 ), and the half width
(a ) is a function of the type of gas and the wavelength (A ) under consideration,
The spectral lines are broadened due to natural broadening. Doppler brorden-
ing, and Lorentz broadening. According to Howard, Burch, and Williama'4),
the half widths { a ) for carbon dioxide and water vapor are:

aN” 1074 cm™! due to natural broadening,

3

« 107 t:m.l due to Doppler broadening.

“D
-1 -
“L" 10  cm 1 due to Lorentz broadening,

Conditions are similar for ozone and for nitrous oxide. Kinetic theory predicts
that the Lorentz half width is linearly proportional to pressure and inversely
proportional to the square root of the absolute temperature. Plass, (20) predicts
that even though the Doppler width is considerably larger than the Lorentz width,
the infrared absorption for large values of zs.“d is determinedr essentially only
by the Lorentz width. This means that the transmission values of less than 90%,
the Lorents broadening predominates for altitudes less than 50 km. Therefore,

a = “6-;.0 v —.1.9- ‘ eq (46)

When this equation is combined with equation (45)

\ P To n .
r{A)= ¢ Lo“(P'\/T) eq (47)
[ ’ .

T - Sa
where: L = ———Q eq (48)
n+l

d
‘ Vi-1l1
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n
1 P [ o |
R q=u po T eq (49)

Then, 7{A) = £ [ Loq] eq (50)

The problem is therefere to find the value of (q) within the infrared path.

R
n
q:/u (p /T°)dn eq (51)
h| P, T

The pressure and temperature are assumed to be those of the ARDC model at-
mosphere. The values of (u) are taken from Table 1 and Figures 17 and 18,
Figures 5 through 14 were obtained by solution of equation (51) over the infrared
path. Altshuler,( 1) has done this previously, but square root pressure broad-
ening, (n = é ) was used. This report supersedes reference {21) and uses bet-
ter values of (n). Carpenter, (22) uses linear pressure broadening {n = 1.0},

and solves equation (51) mathematically for water vapor and carbon dioxide.

Part 2) Determination of n,

Figure 53 shows the effect of a /8 upon absorption. For carbon dioxide
under conditions normally found in the atmosphere, the ¢/g ratio, varies from
0.04 at sea level to 0,001 at an altitude of 15 kilometers. It can be seen that
there is a slight variation in the absorption curves below 20-percent absorption,
These curves are Elsasser model curves; the information was taken from Plass,
The region below the shaded area gives an absorption A, which follows the linear

‘absorption law. In this region the line half width has no effect upon absorption,

i.e. n = 0, The region above the shaded area gives an absorption A, which fol-
lows the error function law, Note that the power of ( &) is the same as the power
of (u), i.e. n = 1,0, The shaded area is the intermediate region, and the Howard,
Burch, and Williams data, (4) fall partially within this region. However, for

most infrared system applications, fairly long paths are involved and (a ) has the
same power of (u). For this reason, it will be assumed that n = 1,0 for carbon
dioxide. Actually, the infrared absorption of carbon dioxide deviates from the
Elsasser model above 80% absorption, probably due to clustering of spectral lines,
see Appendix F. However, this does not affect the foregoing discussion,

For water vapor, conditions are similar to carbon dioxide, where the ¢/
ratio is approximately 0.055 at sea level. Thus n = 1.0 for most applications.

Vi-12
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For ozone, the “'/3 ratio. is approximately 1.1 at sea level. Thus, for
most applications, the pressure broadening exponent varies from 0.1 to 0.6, By
analyzing data from Walshaw, (23) it is considered that the exponent n = 0.3 will
give the best results for correcting ozone at the altitudes of maximum concen-
tration to its sea level equivalent,

= o am om

For nitrous oxide, the %/ ratio is approximately 0.17 at sea level. This
means that for many applications the exponent of n <'1,0, Burch, (6) suggests

that n = 0,8 for his data. However, serious errors are not introduced if n = 1.0
and such a value will be assumed for the sake of simplicity in calculations.

-3

Summarizing: i

n =1,0 for COz l
1.0 for HZO vapor
0.3 for 03

1.0 for NZO

[,

n
n
n

g

|~ S s B e R~ R <o QR i
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APPENDIX D
CORRECTION FOR WEATHER CONDITIONS

To correct for existing weather conditions, corrections for w, d, and =
are made for deviations of existing weather from the model at the altitude of
maximum gas concentration in the infrared path, This procedure reduces er-
rors based on the assumption that:

corrected) _ model
q, ,correctedt - 9%, ,mme[; : eq (52)
Where (q) is the sea level equivalent quantity of a gas, i.e. w, d, or z. Equa-
tion (52) is approximately true if (A-pl-’ ) and (ér'-r-) remain constant for altitudes

near those of the maximum gas concentration in the infrared path. The theory
for weather corrections follows:

Let: Cgu = temperature correction factor for (d)

CH o = temperature correction factor for (w)
2

sea level equivalent amodnt of CO’Z' N20. CH4, and CO,

"

fractional concentration of gas

exponent, varies from 0 to 1, see Appendix C
= pressure (actual)

= pressure (model)

= pressure = 760 mm Hg

=P - Pm

Lo
O'Ug'U’U s A

o P
v

= gea level equivalent quantity of gas in the infrared path, i.e, w,
d, or z,

= sea level equivalent quantity of gas per kilometer horizontal path
length. ’

T = temperature (actual) °k
T,, = temperature (model) °k .
‘To = temperature = 228°k

AT =T-T_

R.H, = relative humidity

-]
-3

u = actual quantity of a gas or vapor,

v, = actual quantity of a gas or vapor in a kilometer horizontal path
length, .

x = fractional concentration of water vapdr at 100% relative humidity

to dry air at 760 mm Hg and at temperature (T)

= conversion factor - converts units of fractional concentration at
760 mm Hg and 288°K to units of w, d, or z.

Vi-15
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From equation (52)

Q) (corrected)
q corrected= g model q, (model)

Combining with equation (53)

n
f p\*tr 2%}
q corrected = qQ model - —ad | eq (54)
' fmodel pm T

Part 1) to Correct (w)
fr== - =t )

Since (x) for water vapor is measured at 760 mm Hg pressure and the
amount of water vapor per unit volume depends only upon temperature and rela-
tive humidity and not upon external pressure, then,

P
f = (R.H.) (x) —1,2

To convert the fractional concentration compared to dry air at 760 mm Hg
and 288°K to precipitable centimeters,

y = 122,56
From Appendix C, n = 1.0 Thus, from equation (53)
T 3/2
P
w, = (122.56) (R.H.) (x)(?;) (-19-) eq (10)

This is equation (10), Case (b), Part 5, Section III,

By obtaining values of (x) from a psychrometric chart, a formula was
devised which will give values of x within 10% accuracy between -60°C and

C)
fSSJ C.. | L (Te27y) (40’2) 1,345
x=3,80x10 " e ! eq (55)
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Since n = 1.0, see Appendix C, equation (54) becomer

3/ '

R.H
" = - 56
w.corrected Ymodel LT a e ('r)[ X model (T) eq (56)

model

The item in the bracket is only temperature dependent

Let: ( 3/2
c ' 57
H0 ° W gel *a 67}

P AP - AP
=1+ . 14 =
= T -1t S

m

Then, equation (56) becomes

R. H.

Wcorrected - (wmodel) x . H,
model

x(1+ %p)xCHZO eq (7)

This is equation (7), see Case (a) part 5, Section IIl. Values for CH from
20

PN PR e rp——_—

equations (55) and (57) were obtained by a Librascope LGP 30 computer and plotted’

in Figure 15,

Part Zz To Correct (d?

To convert fractional concentration to equivalent sea level kilimeters,

1
fmodel

From Appendix C, n = 1,0 Thus, from equation (53)

» ol (2] (#)

This is equation (11), Case (b), Part 5, Section 1l
Equation (54) also becomes:

3/2
doorrected = Ymodel (T) (+) eq (58) -

model
T 3/2 ’
Let: C ., = |—* eq (59)
2 - 2
|2 AP Ap AP
and: =1+ - 1+2 =142 60
n (F;) ( p:n-) B B eq (60)
' Vi-17
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by neglecting higher orders of %—13 and letting ;‘p!.’ - -A;-
m m

Combining equations (58), (59), and (60)

d =d f AP | . ¢
corrected = model "I 142 P gas
model

This is equation (8), see Case (a), Part 5 Section IIl, Values for Cg‘. are plotted

in Figure 16,

Part 3! To Correct (z)

From Appendix C, n = 0.3 Thus, from equation (53), and letting u, =

( P ) 0.3( TO)O.IS
Z = U —
h P, T

This is equation (12), Case (b}, Part 5 Section III.
Equation (54) also becomes

: . p\03) ¢ \0.15
Z¢ ted - *model T | P T
orrecte model u_ .. m .
0.3 0.3 0.3
(-§.) =(1+AP) (1"';!";) -1+0.3—App—
m

o \0-15 R 0.15
—m| _ AT - 1. AT
o I R 1- 0.15

By neglecting higher orders of -3‘-1-,2 and’ -A&.I

Combining equations (61), (62), and (63)
1+03 38 ] [1-015-91]

Z =2
corrected model umodcl

eq (8)

u

eq (12)

eq (61)

eq (62)

eq (63)

eq (9)

This is equation (9), see Case (a), Part 5 Section IIl, Values for u are normally

considered the same as for .

!
b
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APPENDIX E

E CHANGES IN THE ALTITUDE OF TROPOPAUSE AND
} ** THE ALTITUDE OF MAXIMUM OZONE CONCENTRATION

In correcting for the changes in altitude of the tropopaulé and the m&:imﬁm
ozone concentration, fictitious altitudes are used to place the infrared path in -
the correct relative position to the 'knee' of the concentration versus altitude

curves, see Figures 17 and 18, Then corrections must be made due to changes
in concentration and pressure broadening of the gases and vapors. The princi-
ples of such corrections are as follows:

Let: h = altitude, real
h! = fictitious altitude
htro p = altitude of tropopause
h = altitude of maximum ozone concentration.
max(03) .

kH o = correction factor for water vapor when h' is used,
2

k03 = correction factor for ozone when h' is used,
P = pressure

P, = 760 mm Hg

T = temperature

T = 288°K .

w! = fictitious value of w_, LA and w,
z! = fictitious value of Zps Toa Zy | o and z,

Part (1) Changes in Altitude of Tropopause
A

' A model whose tropopause altitude is different than 11 km. has the follow-
ing characteristics,

1. The relative humidity is 100% below the tropopause,

2. The mixing ratio i s constant above the tropopauu.w-
3. The temperature at sea level = 288°K

4. The temperature in the stratosphere remains constant.

5. The lapse rate is -6.5°C per kilometer altitude (increasing altitude
sign is +) in the troposphere,

if: h‘ =h + lloo - htrop eq (14)
and h' is used with figures 5 and 6 to get w, , then
w (model) = kHzo . w"l eq (64)

vI-19
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Values for (kH o) were found by determining (wh) analytically and comparing those

values withh_2 _ = 11,0 km. to those with h # 11.0 km. This was done for
trop trop

various altitudes of (h) and (h') where h' =h + 11,0 - h

trop

Furthermore, it is assumed that

W_ (model W. (model) '

v - =k eq (65)
v _ h

for the same values of (h) and (htrop)' The errors involved is less than 10%,
Similarly, for any infrared path,

W (model) = - W eq (15)

*H,0 |

The values for kH o @re plotted in Figure 22 and equation (15) is given in Case a)
Part 6, Section g

Part (2) Changes in Altitude of Maximum Ozone Concentration

It is assumed that the same ozone concentration as in Figure 18 exists ex-

cept the altitude scale represents (h') instead of (h), where

h' = h +23.0 - hmax(03) eq (16)

From equation (12)
0.3 T 0,15 . .
P
2 = u[ﬁ] [_1.,9.] eq (12)

where u = concentration of ozone in a horizontal path,

For 12km € h < 40 km.

0.15 .
( ‘5—) 0.3( _'11'_?_) < ¢{"0:0460 °h +0.0921) eq (654)
[+]

Equation (65a)is an empirical equation based on the 1959 ARDC model atmosphere,

see Figures 19 and 20,

zh(model) = u

. [ o(-0.0460h +o.o921)]
model

ft = w0 [e(-0.0460 bt +oo921)]
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Let: zh(model) = k . 2!

03 h
‘ .
zplmodel) Uy qe1 [ 0.0460(h - b ]
k03 = -T = % [ ] ( )

Since: Uodel = u!
From equations (67) and (51), it is apparent that:

o« o 0:0460(n' - h) _ Znimodel) -, (moger)

since (' - h) = 23,0 - h

max(0;) = constant, equation (16)
Therefore:
Zmodel 2! k°3
And:
' L -
ko = o 0-0460('-B) _  0.0460(23.0 - b (o)
3

eq (66)

eq (67)

eq (17)

eq (68)

The values of k0 are plotted in Figure 23 and equation (17) is given in Case b)

Part 6, Section in.
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APPENDKX F

TRANSMISSION OF INFRARED
THROUGH GASES AND VAPORS

The transmission of infrared through various gases, as a function of wave-
length, is a complex function of spectral line intensity, line half width, average
spacing between lines, and the distribution of the lines with respect to each
other, Eluuer,(”) Goody,(ls) King, ¢19) and Plau,‘zo) have developed
theories to determine transmission functions for various spectral line models.
The graph paper in Figures 24-44 employs transmission functions, and were
developed as follows:

Lgt: Lo = gg;n(e;'a)lized absorption coefficient, see equation (48), a function

generalized absorption coefficient, see equation (69), a function
of (A)

exponent, varies from 0 to 1,0

L

sea level equivalent quantity of a gas, i.e. w, d, or z

total intensity of a spectral line, a function of (A )

actual quantity of a gas or vapor
half width of a spectral line

" Lo B
" [}

half width of a spectral line at sea level conditions, i,e. 760 mm Hg
and 288°K

defined in equation (73)

average distance between lines in wavelength region ( A)

> o ™
"

wavelength, microns

r transmission

r (A) = transmission in wavelength region (A ).

As was discussed in Appendix C, the transmission function can be approximated

by:
r(A)=fu‘§E')(‘;)t“ eq (45)
8 F
where n variell from O to 1.0 '
v S&. ‘
if: L e eq (48)
° n+l .
d
(a) 'fll‘oq] eq (50)
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Similarly, if:
» Se
eq (69
L = =~ q (69)
d
r(r)=f [Lu] :  eq (70)
Thus, the transmission is a function of (Loq). and vice versa,
La =8 [r(r)] = Ls eq (71)
log, o L, *108; q = log;, {g [r (2 )]} = log,, L +1log, u eq (72)

Therefore, if the function g [r {A )]is known, a logarithm of that function can be
plotted as a graphical scale versus wavelength as the abscissa, It can then be
seen that transmission curves of a gas for a given value of ( q ) has the same

shape as curves for any other value of ( g ) Figures 24 - 45 were developed in
such a manner.

In order to determine the function g [r (x )], it can be seen frc;m‘ equations
(48) and (50) that:

# Sa. -
LO - -—8-!1%! s eq (48)
and ’
r(A)= £(Lgq) eq (50)

It can be assumed that (S) is only a function of wavelength ( A') for a given
gas, and that (A-o) and (8 ) remain constant over the bands of abcor@qt ﬂ(;
gas. However, (n) is a function of (S), (q), (&), and (3 ). Transmis
therefore are a function of (A ), (n), and (q) for a given gas. In order to
the problem, (n) is assumed to remain constant., Then for a given gas,
is only a function of (g) and (A ). The errors in making such an assumpt
presented in Table 2. The ta‘b‘le shows the values of transmission where
ference is maximum between the ‘model", used in Figures 24 ~ 44, and the'
Yactual® trtnlminion, as predicted by Plass, (20) Plass shows the variation of -
transmissioh as a function of (B8) and ( r ) as well as variations between the '
Elsasser, the Goody, and the Plass models of a spectral line distribution, -

B= ivey : og (73)
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TABLE 2
DESCRIPTION H,0 co, 0, N,0
] ‘— f model Goody Elsasser Elsasser
8 (cmi”!at STP)# 2.0 1.5 0.09 0.84
a (cm™}at STP)* 0.11 0.06 0.1 0.14
| 6.3 172
Band | rotation 4.3 9.6 # 7.8
B=2» .;. 0.35 0.25 6.9 1.1
oxkm. 1  T(modellf s4% 93% | 83% 20% |83% 20%
altitude : r (actual)’l] 90% 93% | 93% 7% | 934 134
10 k. : r (model)'l| 96.3% . 93% 83% 20% | 83% 20%
altitude | . Cceaan)ll  97.8% 89% | 92% 8% | 87% 14%
]
20 ke, : r (model)]] 99.35% 93% 83% 20% | 83% 20%
aldtade 4 (acrualf|  99.60% 88% | 86% 17% |s4%n 19%
T
20 km., | (modelf|| 99.92% 93% | 83% 20% |83% 20%
altitude : r (actual)]| 99.95% 88% | 84% 19% |83% 20%

P

tansry

!hwi

—_— e

S—————_ AT L S —

*Values of & and 8 were taken from Curtis and Goody, reference 34 for 1-120, 03,
and NZO‘ For COz, they were taken from Howard, Burch, and Williams, reference
4.

' The maximum difference between the actual transmission and the transmission of
the model are at those transmission values indicated in the Table, except for trans-

missions of less than 20% for Hzo. 03. and NZO' The models and the actual trans-
mission values were made to coincide at 50% transmission,

Both the "'model' and the "actual" transmission were made to coincide at 50%

transmission, which is most representative of the actual methods employed in
making Figures 24 - 44,

e e
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It has just been seen that (L ) is only a function of ¢ A) and the type of

the sources described in Table 3.

gas considered, and that [! (r) jlq a function of'(Loq). The methods described
in Section 1II were used to determine (q). The values of (Lo) were found from
The transmission functions, described as

“type of model' in Table 2, will be covered for sach gas in Parts V(l) - (4) as

follows, Part (5) will cover the absorption laws for overlapping bands and the
justification of equation (18) in Part (1), Section IV, Part (6) covers the mole-
cular absorption of infrared by small quantities of gases and vapors.

TABLE 3
CTRNN IV P IS P T IO B I A
(:I)z gmo-cm 'htmo-cut :
1 3-1.7 [6000-7000 |760 |50.,0 | 777 |295 | 8100 | 0.80 | 8200 4
1.8-2.1 [4600-5400 |760 |50.0 | 777 |295 | 8630 | 0.78 | 8700 4
2.5-3.1 [3500-3700 |737 | 1.0 738 |295] 22 | o.86 | 21 4
2,5-3.1 [3500-3700 | 755 | 10,0 | 758 [295]| 1619 | 0.86 | 1614 4
4.0-5.4 |1800-2500 | 1.0 | 1.0 | 1.3 295 18 | 0.80 | o.11 4
4,0-5.4 |11800-2500 |734 | 9.8 | 737|295| 1043 | o0.80 | 1018 | 4
9.0-11 | 910-1100 {760 | 608 | 942)295| 5600 | 0.80 | 6580 | 24
9.0-11 | 910-1100 |6080| 6080|7900[295 | 8000 | 0.27 |15,100 ) 25
12-19 | s50-850 [750 |o0.25) 7s0{29s] 3 [o.8 | 29 4
' 12-19 | 550-850 |745 |4.0 | 746|295| 173 | o0.88 | 169 4
2% 4 1:0-1.08 |95-10,000 - pE.cm. B o
1.08-1.2 {8200-9500 740{295] 3 Jo.s2] 29 4
1.08-2.2 }4600-9500 740|295| s0 - |00 | 49 .| 4
1.05-2.2 [4600-9500 740|295 | 0.05 | 0.60 | 0.049 4
1.2 -2.2°'[4600-8250 , 740]/295] 0.71 | 0.60 | 0,70 4
2.3 -3.642800-4400 (740 |16,3] 821}1295| 1.68 | 0.62 | 1,73 4
2,3 -3.6%2800-4400 {740 | 16.3] 821}295] o0.140} 0.62 | 0.147 4
) - 3.3 «3.642000-4400 |740 | 2 | 750| 298| 0.017 | 0.62 | p.017 4
1 * 3,65-4.5 B200-2600 | \ ,
4.5 -9.1 1100-2200 746 {295 | 1.03 "Jo.60 1,02 4
4.5 -9.1 [1100-2200 746 |295 | 0,047 J0.60 | 0,046 4
45 -9.1 h100-2200 123 | 2.5 |136 [295 | 0.021 |0.70 |0.006 ¢
{ * 9,1 <13 [1100-770 760 |291 | 4.18 1.0 4.8 J(run70)|
SRR SRR T b
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TABLE 3
c‘;,:;:: A v Ple|P|T LI Ref
- : RELCI0 BLa.Sha
T, 0%%[ 9.1-13 [1100-770 760 [285 | 6.7 1.0 ] 6.7 1(rdn 61)
«x| 9,1-13 |1100-770 760 [298.| 0,57 |1.0 0.57 1(run 60)
o| 13.16 | 625-770
ss| 16-20 | 500-625 760 |298 | - 0.57 [1.0 0.57 | 1l{run 60)
20-30 | 333-500 | 606 4.0 |626 290 | 0,074 |1.0 0.061 5
20-30 | 333-500 | 600 J1.6 608 [290 | 0.0325 [1.0.] 0.026 5
20-30. | 333-500 | 590 [0.2 |591 |290 | 0.0050 {1.0 0.0039 5
30-40 | 250-333 | 603 |o.15 {604 {283 | o02003141.0 0.00255 5
40-2500 4-250 " |760]293 | o0.0104 1.0 0.0103 26
Go'; : t latmo-cm.| tt jatmo-cm,
4.4-5.1 [1960-2270 | 230 |230 |370 |295 | 9.08 0.3 7.38 27,28
8.0-9.3 J1075-1250 | 160 [160 257 |295 | 6.32 0.3 | 4.58 27
»e#| 9,3-10.2] 980-1075 0.31 0,13 29
12.0-16.5( 606-833 | 160 160 |257 |295 | 6.32 o3| 4.58 27
Nz° atmo-cm, atmo=-cm,
sees| 3.8-4.1 [2240-2630 0.062 | 30,31
4:24-4.362290-2360 | 400 |400 |448 [300 | 12.6 |0.8 8.1 32
4.4 -4,7 [2130-2270 750 {295 | 5.8 0.7 5.7 6
4.4 -4.7 [2130-2270 759 |295 | 0.0101 j0.7| 0.0100 6
7.6 -8.1 }1235-1315 | 100 | 100|112 |288 | 0.79 08| 0.17 33
5 -9,1 |1100-1175 | 240 | 240|269 |288 | 1.9 08| 0.83 33
16.0-18.01 555-625 |160 | 160|179 |288 | 5.5 o8] 1.73 33

The atmospheric scattering was taken from reference 1.

* Curve was i-timuted to fit the transmission at the extremities of the wave-

length interval

*% The transmission was determined by correcting for scattering using ¢ =
scattering coefficient = 0,03 /km.

s#% The same vertical osone distribution as the model was assumed.

from Figures 9 and 18:

l(

8. %
a

=
v

0,098
0.229

= .0.428

Thus,

*5% The value of ! = 0,062 atmo-cm, was obtained by matching the transmis-
0 from reference 30 with that obtained from

sion of the 4.

p band of N
reference 6, The magnitude of the transmission of the 3.8 - 4,14

band

of uio was obtained from reference 30 while details of the shape o! the

tran

Vi-26

mission curve comes from reference 31.
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} TABLE 3

t P, =P+0,3p for COZ from Burch, (6)

1 P, =@ P+5p for H,0 from Burch, (6)
‘ P, =P +0.61pfor 0, from Walshaw, (3)

B = P+0.12p for N,0 from Burch, (¢

't The values for (n) are those given with the data if available, Otherwise

they are assumed to equal those values summarized in Appendix C.

Let: n = exponent, varies from 0 to 1,0
P = partial pressure, mm Hg
P = total pressure, mm Hg
Po = 760 mm Hg
F = effective pressure, mm Hg
q s equivalent quantity of gas corrected to sea Level conditions, i.e.
. pressure = 760 mm Hg, temperature = 288 K
T = absolute temperaéture, degrees Kelvin. Room temperature is as-
s umed to be 295 K
To = gea level temperature = 288°K
u = actual quantity of gas from which spectral measurements were
made, :
A = wavelength - microns
v = frequency - em™!
n
L
q=u P T ' eq (49)
o :
Part (1) (30z
ST

In order to obtain the transmission function of carbon dioxide, data from
Howard, Burch, and Williams, (4) was analyzed. The absorption within a nar-
row wavelength interval could be plotted versus the logarithm of various values
of (u) of the gas, all at constant pressure, see Figure 54, These data points can
then be superimposed upon the curve of an absorption model by adding the logar-
ithm of the absorption coefficient (L) to the logarithm of the quantity of gas (u).
This can be done by sliding the data points horizontally until they lie upon the
curve with a minimum of scatter, see Figure 54. Equation (72) justifies this
procedure,
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The data at the 4,3 ¢ band was fitted to an Elsasser model withn = 1.0, see
Figure 55. 'The heavy lines bounding most of the data points are limits within
which 95% of the data will fall. .+

The data wae then fitted to various empirical curves until one was found giv~
ing the least scatter of data points, see Figure 56, The heavy lines bounding most
of the data points are limits within which 95% of the data will fall, This procedure
was considered necessary because the absorption data which can normally be ob-
tained in a multiple traversal cell spectroscope are limited to values of (u) of
less than two orders of magnitude for the gas being measured when other para-
meters are kept constant. Thus the data could appear to satisfactorily fit a
number of different curves,

Figure 57 compares the Elsasser model with the experimental curve #1, see
Figure 56, At low absorption values, the experimental, curve #1 shows less ab-
sorption than the Elsasser model because (n<'1,0). At high absorption values,
the experimental curve #1 shows less absorption than the Elsasser model probably
due to some irregularity or clustering of the spectral lines,

Figures 32 - 38 use the experimental curve #1 for the transmission model,

Part (2) HZO Vapor

TR TR
In Figures 24 - 31, the transmission function was assumed to obey the Goody
model. This model states:

1/2
r(A) = e [(Lo") ] eq (74)
and: " n =1,0 is assumed in equation (48)
According to Curtis and Goody, (34) they applied the Goody model to the
6.3 rotation band of water vapor. Burch, Howard and Williams, (;5) applied

the Goody model to their water vapor data at the 2.7x and 3.2 p baxjdl. Table 2
shows the relative fit of the model with (n = 1) to the "actual" condition where

{n) varies with altitude, For low transmission values, the model may be pessi-
mistic if there is clustering of spectral lines, Data has not been analyzed to de-
termine if this is so, a8 was the case with carbon dioxide,

%
2
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Part (3) 03

]
In Figures 39-41, the transmission function was assumed to obey the
Elsasser model. This model states:

P {A) =1 - erf [(L q)

where:
erf (x) v—f

According to Curtis and Goody. 34) they suggest the use of the Goody model
with the 9.6 band of ozone. However, since (8 = 7) at sea level and (8 ~ 0.3)

1/2
] eq (75)

) = 23 km), the absorption versus (L q) is steeper than that of the

at (hmax(o (20)

Goody mod%-.l where ( 8 = 0) for the useful transmission range, see Plass,

The Elsasser model is also steeper than the Goody model at (8 = 0), Therefore,

it is assumed that the Elsasser model will give a more correct prediction of
transmission than the Goody model for the useful transmission range. Table 2
shows how the "actual" transmission varies from that of the ''model' for var-

ious altitudes.

Part (4) NZO
e ]
In Figures 42 - 44, the transmission function was assumed to obey the El~

sasser model, see equations (75) and (76). Curtis and Goody, (34) suggest the
use of the Elsasser Model for the 7.8 ¢ and 174 band of nitrous oxide, Table 2
shows how the '""actual' transmission varies from that of the "model" for var-

ious altitudes,

Part (5} Absorption Laws for Overlagging Bands

Equation (18), Part (1) of Section IV states:
ralM) =['Hzo »)] x[- coz(*"] x [r 03(;)] x [erou)] % [*pearld)]  ea (18)

Since the spectral lines of one gas does not overlap the spectral lines of
another gas, the lines of one gas may be considered to have a random arrange-
ment with those of the other gas. Therefore, the spectral lines of each gas
may be replaced by an average transmission of fifteen or so lines, and the ef-

fective total transmission of such average transmissions of each gas in combina-

tion is the same as the actual total transmission of the gases in combination,
Therefore, equation (18) is justified, Burch, Howard and Williams, (36) per

formed an experiment which proves the validity of equation (18) for the overlapping

Vi-34
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bands of carbon dioxide and water vapor in the 2,7x region.

Part (6) Molecular Absorption of Infrared by Small Quantities of Gases and
Vapors.

m
If the quantities of gases or vapors are small, then equation (43) applies,
i.e, .

A(A)=-r(a)+1 =-sal eq (43)
where: A{A) = absorption

Since the actual transmission of small quantities of gases at sea level will
deviate from the models used in Figures 24-44, corrections mus: be made.to
determine the actual value of (-88!) when ( r (A ) = 95%) in the Figures., Using
these corrections and values in Table 1 to convert (d) to (q), .equations (21) -
(24) of Part (2) Section IV results from equation (43).
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APPENDIX G ‘
THERMAL ENERGY CALCULATIONS

Equation (19) in Part (1) of Section IV and Figures 46 and 47 with TEMPLATE

B were developed in the following manner.

let:

Bn = spectral radiance of target, wattslcmZ - ster, - ¥

c, =3.74 x 10* watts/cm2 - micron
c, =1,439x 104 micron degrees
Q

: = spectral radiance of target over the wavelength increment (AA),
wai:l:s/cmz - ster. - AA

QA = maximum spectral radiance of target over the wavelength incre-
mMaX ent (AX), watts/cm? - ster. - AA
T = temperature of target, °k
A = wavelength - microns '
»max = wavelength at Q, » microns '
max
A = wavelength increment such that:

loglo (A +AA) - loglo {A)=0,01

log;, (rA) = 2_.13_0 log, A

d(logjpa )= '2%6’»

AX =2.301A (log;,A) =2.30 A [1ogmu. +A)) - log,, (x)]
AA =2,30A x 0,01 = 0,0230A

Q, =B, ).M‘ by definition.

Q, =0.0230% B_, eq (19)

In order to find Q, , Q, sand A

From reference 37: C; »

max ax

-5

e b
WY Tang
e -

Combining this with equation (19)
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0.0230 (Jl A

v Cant
. .

Q)=
1

Differentiating equation (77) so that
dQa

da

Solving for A = A

TA =3670 micron degrees
max

Substituting equation (78) into equation (77)
4

L o
Q, = 0.0303 ( 7955 )

max

o 2 S LTINS g <

eq (77)

eq (78)

eq (79)

Figure 46 and Template B were constructed from equations (77) and (78).

Figure 47 was constructed from equation (79).
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APPENDIX H
BACKGROUND RADIATION OF THE ATMOSPHERE

Equations (25) and (26) were derived as follows:

Let: H, = spectral irradiance at the observer over the wavelength interval
(AX), at wavelength (A ), watts/cmZ - AA
A = spectral irradiance at the observer at (A )/
k = absorption coefficient

Q Ai = spectral radiance of a black body radiator at the temperature of
: gas in the (ith) layer and over the wavelength increment { AA)

at wavelength (A ), watts/cm® - ster, -AA

Ti = temperature of the gas in the (ith) layer, °k

u = quantity of gas between a wafer in the sky and the observer, see
Figure 59.

A = wavelength, microns,

AA = wavelength increment such that:

log g (A + AX) - log,, (A) = 0.01

A i( A) = atmospheric transmission at wavelength (A ) from the (ith)
P point on the infrared path to the observer, se¢ Figure 49, There
are (n) such points.

) = solid angle measured from the observer, steradians.
subscripts HZO' COZ' 03, and NZO refer to the gases,

Let (d J, ) be the incremental amount of irradiance received by the observer,
which was radiated by a wafer of sky at wavelength (A)., The wavelength interval
(dA ) of (J, ) is considered to be sufficiently small, much smaller than the half
width of a spectral line, Then,

i e[

where: ku =k u + k u + k., u + k u
Hzo HZO COZ COz 03 03 NZO NZO
And: (e'k“) is the transmission of the atmosphere in wavelength interval (d A )

And: (kdu) is the emissivity of the wafer of sky, see Figure 58.
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APPENDIX H
BACKGROUND RADIATION OF THE ATMOSPHERE

Equations (25) and (26) were derived as follows:

Let: HA = spectral irradiance at the observer over the wavelength interval
{AXr), at wavelength (1), watts/cm? - AA°
I = spectral irradiance at the observer at (A )/
k = absorption coefficient

Q A S cpectral radiance of a black body radiator at the temperature of
' gas in the (ith) layer and over& the wavelength increment ( A A)
at wavelength (i), watts/cm® - ster, -AA

Ti = temperature of the gas in the (ith) layer, °k
u

= quantity of gas between a wafer in the sky and the observer, see

i Figure 59.
A = wavelength, microns,
Ax = wavelength increment such that:

logyo (A + AN ) - log,, (A) = 0.01

A i( A) = atmospheric transmission at wavelength (A ) from the (ith)
s point on the infrared path to the observer, see Figure 49, There
are (n) such points.

@ = solid angle measured from the observer, steradians.
subscripts HZO’ COZ' 03, and NZO refer to the gases,

Let (d J, ) be the increinental amount of irradiance received by the observer,
which was radiated by a wafer of sky at wavelength ( A)., The wavelength interval
(dA ) of (J) ) is considered to be sufficiently small, much smaller than the half
width of a spectral line. Then,

o2 ()

where: ku =k u + k u + k., u + k
H,0 “H,0 co, “co, 0, "0, N,0 “Nzo

And: (e'ku) is “t.he transmission of the atmosphere in wavelength interval (d A )

And: {kdu) is the emiuivity of the wafer of sky, see Figure 58,
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Q - -ku
ho= Z o -Jl(e K41 -e kui)
‘ A

i=1 A :

A+AA A +A

‘ - i [k, kg
H) = Jy dr = z el I -e dA
E N i=1

n : A+AA A +4A .
=ku, . " =ku 1
- 1 i-1 | i
o eal B )
' A A '
MAL
But: ¢ ,(A)= L (e-k‘.l) d’ by definition
A AX
A

Therefore, n
H, ..Z o“[ ,A‘i_,m-,A,iml eq (25)
i=1

If the temperature of the sky being viewed is isothermal, equation (25) reduces
to:

HX = ao,‘,ﬁ[ 1- r,(n )] eq (26) -

Equations (25) and (26) are found in Part {3) of Section 1V,

[ Figure 59
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TENPRLATE &, for uvon with Rgure 46
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TEMPLATE A, for yse with Figures 2,3, 8 4
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