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wa'•Is Especially notice corrections # 42, 430 and 44&tt,

FEATA # 1 for Document No. 61SD199
"Infrared Transmission and Backlrotlnd Radiation

by Clear Atmospheres

by Thomas L. Altshuler February 6, 1962

1.0 Sheet 1N-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:

"ACKNOWLEDGEMENT

?The author is especially indebted to O.J. Rayl tor his support,
Ssuggestions, and encouragement during the preparation of the manuscript,
and for his 6ffort in publishing and proof reading this document. The
author also wishes to thank A.H. Canada and Dr. J.I.F. King for their
interest and support in producing this report.

. Remove the ACKNOILMGEMENT that appears after page vii.

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

40, Page (i): Change " paths " to read " lines of sight in the following
lines:

SECTION II:
SECTION III: Part 1:

Part 2:
SECTION VI: APPEITDIX A:

Change " Path " to read " Line of Sight " in SECTION VI: APPENDIX C:
7-3 >c it: TABL-.) A1: ~.1) ~ S

5i Page (iii): Change 1nei-3.5,e~ow:'VBLESA~eP@URff tesr~adlavsfollows:

07 TABLE 1 Concentration of Infrared Absorbing Gase's V-1
TABLE 2 Conversion Factors V-1
TABLZ 3 Deviation of Model from Actual Transmissions VI-24
TABL3 4 Sources of Transmission Data VI-25

Also change " P1the " to read"Lines of Sight" on the lines after:
FIGURE 1 , FIGURES 5-9, FIGURES 10-14, FIGURES 49

68 Page (v): Insert between symbols ANO and 0 gas the following line;

" Br - spectral radiance of target, watt*/o= 2 - ster.- micron '

Cross out the 2nd from the bott6m line 8 N = spectral --- etc. '

70 Page (vi): 13th line from the bottom of the page, change " path" to
t., read " line-of-sight ".

So' Page (vii): In the top line below the "D3M ITNION OF SYMBOLS ' change
' the symbol x "to read ",X.

I "



ERRATA # i continued, page 2

9.". Page (vii): Change"path" to read " line-of-sight* in the following
lines; 5th line from the top of the page below.ýDEFINITION OF SYMBOLS,
12th line from the bottom of the page, and 3rd Zine from the bottom
of the page.

Insert the following line between the symbols 35q and 9:

C spectral emissive power at wavelength (A). U

1 Page 1-2: Insert an asterisk in the 5th line fqm the top of the
. aeafter the num .y (1) so that the last pap of the line reads,

"aylor.and ates"1 -and/tjndetli
S Chandge rM A91sentanoe of the third paragra h to read: " It
is sumestod that t'hose unfamiliar with the sukeot matter of--this".report Studthe mterial in Section II. Sectio III -a ' 1-4.
and Section IV Part. 1. Please note that oomms after Section III
and Section IV have been deleted in the above sentande as compared
to the sentance printed on page 1-2.

Page 11-1: Starting the third paragraph from'the top of the page,
change" Tye 1 " to read " Type I ". Starting the fourth paragraph,
change" S " to read" -,_TI ". Starting the fifth
paragraph changie y 1 .pe 3 0 to r'ea- 11TT 1

I•. Page 11-3: 3rd line from' the top of the page change " The infrared
p path is that of type 2, see Figure 1." to read ' The infrared line-
of-sight is that of type I1 see Figure 1. 6th line from the top
"of the page change " h = 41.0 I=. "-to read 0 ht - 41.0 km."

17th line from the top of the page change " 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 1.

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

3A. Pase III-1: In the middle of the page after the symbol "d", 3rd
paragraph from the top, change the first xxxtax line of the paragraph
to read as follows: _ J
" d - equivalent path length of dry air in the infrared line-of-

sight, corrected to '

j4. Page 111-2: 3rd line from the top of the page change to read:

Part 1: R (150 kilometers. horizontal lines of sight, Use Figures 5 to:

Reduce the size of the letters 0 W U and " Z " in the equations (1) & (Q
to read:

w =wh xR eq.. (1)

z Zh x R eq. (3)

The line below Given in the EXAMPLE, change to read:

" ht = h0 =10 iOi.



ERRATA #1 continued, page 5

it. Page 111-2: In the following lines change the ctpital letters of
W and Z to small letters as:
10th line from page bottom, " From Figure 5, wý = 1.1 x 10-3 pr. cm.

* 8th line from page bottom, " From Figure 9, zt 1.75 x I0-3 atmo-om."
6th line from page bottom, " w = (1.1 x 10-3)j.(15) i.•5 x lO' 2 pr.om.
.. Chsigentho 4th line from the bottom of the pagf .to read,C Z ( 1.75 x 10-3) x (15) = 2.62 x 10' atmo-om .
Change the word " paths" in the 3rd line from the bottom of the
page to read " lines-of-sight ".

168 Page 111-3: 5th line from the top change capital W and WVv to small w
•i and w respectively. 6th line from the top change W to w. 7th line

from The top change "Z" and "W" to "z" and "w". In the EXAMPLE
below Required change " W " and "Z" to "w" and "z". Under Solution
change" ir --vItO 11w , change "Z " to "z ". In the " Ans "- change
"Wi" to "w", "Z" to "Iz" and changX the fo~mula after Od" to rbad

* • " d = 1.35 - 0.33 0 = 4.16 m.

10 - 5
iV. Page 111-4: Change " path " to " line-of-sight I 13th line from bottom

J3. Page 111-5: 2nd line from toD of page change "W" to "w".
2nd line under Solution change"type 2" to read " type II .
After"Ans" change the 3rd line frgm the bottom of the page to read,

w = 2 x 1.30 x 10-1 - 7.7x 10" - 1.23 x 10-3 = 2.51 x 10-1 pr. OM. *

;9. Page 111-6: Change "x" to read "X" in the 7th and 5th lines from th
', bottom of the page.

o0. Page 111-9: 5th line from the bottom of the page change " Xcorreoted"
to ead~ corrected

21. Page III-10: Underline " Given " in the first line under EXAMPLE
In the 5th zxxtkk linex from the bottom of the page change'"x"
to "X". In the 4th line from the bottom of the page change

x = 1.6 x 10- 5 " to" X = 1.6 x 10- 5 "

P . Page III-l: After " Ans " in the middle of the page, change " d eto."
to read 4 d = 0.0208 x 18 = 3.75 x 10-1

21. Page 111-13: 10th line above the bottom of the page change " Type 2 "
to read " Type II *.

24. Page 111-14: 3rd line from the to of the page change From equation
6) " to read " From equation (6), page Ill-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 111-7: ".

3rd line from the bottom of the page change " From Equation 7: "
to read " From Equation 7; page 111-7: l

25. Page 111-16: 3rd line from the top of the page change " Type 2 " to
read " Type II "
13th line from the top of the page change " From equation (6) ",to
read " From equation (6), page 111-5.

p



ERRATA #1 continued, page 4'

26! Page 111-16: 7th line from the bottom of the page change " To
" correct for weather changes:" to read " To correct for weather

changes; see equation (91, page J.,1-7.

2 Page 111-171 7th line from the top of the page .hnge "From
S.f, equation 9: " to read " From equation 9; page 111-7:

2ý'•, Page IV-l: In the first paragraph second sentance change " Figured
,; 25-46 " to read " Figures 24-47 "

In the second paragraph first sentance place a comma after " scattering"

-•' 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 radianca of the atmosphere."

29. 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"
In the 6th line from the top of the page change " Table 3 " to
" Table 4 ".

Page IV-3: Change aStep3: 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 E3AMPLE under " Given " change the sentance " From the
EXAMPLE etc. " to read " From the EXAMPLE in Case a) Part 4,
Section III, page 111-4: "

ý1. Page IV-4: In the 8th line from the top of the page change the
formula " A• N = 0.023\ Nx " to read

"I = (AX) BrX = O.0 2 3ABr\ eq (19) U

At the end of the 4th line from the top of the page after the word
radiance n insert ", Qt , U

Change the formula in the Yth line from the top of the page " 0' •1 A-
to read " L= L-fA(3)J k "

The llth line from the top of the page after '• Let: ,t change " N.
to read " Br r"

8th line from the bottom of the gase change " log to read"i lOg 1o( wavelenth - microns ).

32. Page IV-5: Change the 10th line from the bottom of the page from" Anrendix F and etc. " to read " Apnendix F and are suxmiariz3d
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 fbllowing statement

o in place of those last three lines:

gas in question is below that value given in ihe curve then the

following calculation procedure should be usid I

Let: t = absorption by water vapor "

A = absorption by carbon dioxide \

A0  = absorption by ozone
3

"AN20 = absorption by nitrous oxide

3$. Page IV-6: Delete everything above n Step 1 "s i.e. the first ten
lines. In its place insert the following:

Let d5% quantity of carbon dioxide or nitrous oxide, obtained
Sfrom Figures 32-38 and 42-44, needed to make the

transmission = 95%.

I; w9 5 % * quantity of water vapor, obtained from Figures
24-31, needed to make the transmission = 95%.

Z9 5 % quLntity of ozone, obtained from Figures 39-41,z5% needed to make the transmission = 95%.

uHS0-- actual quantity of water vapor, pr. ca.

uC02 = actual quantity of carbon dioxide, atmo-om.

u0 = actual quantity of ozone, atmo-om.S3
UN2 = actual quantity of nitrous oxide, atmo-om.

3$. Page IV-6: In the paragraph below " St ei 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 U'.
The quotations around the word " Index " should appear in the text.

In the last line of Step 1 after the words " under consideration
add the following words can be determined.

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

30. Page IV-8: Change the sixth~symbol1which is defined from the top
of the page,from " TA (A) "-to "7Ai( 1 ) ' WA~i A,i

2 In the 2nd line below " Step I " after the words " be isothermal "
insert the words and cantains the infrared ray

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

30. continued.
in the paragraph below " Step 2 " in the 4th and 5th lines, in
the first line below " St e 3W,and in the first line below
below " Step 4 "

Change the 3rd and 4th lines below " Steop 5 " from " Section IV.
The ( i th ) layer eto. " to " Section IV. The 4 i th ) layer is
that part of the infrared 1txu•wtxz±xkt ray bet*een the ( i th )
point and the ( i th - 1 ) point.

37, Page IV-9: In the first line below " Step 2 " nwar the bottom of
" " the page change the word " path " to" 31ie-lof ight ".

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

38. Page IV-1O: In the top left corners of the tables below " Step 3 Z
S and " Step 4 " change the word " Path " to " Line of sight"'=

In the table below " Step_ " ,in column number "4" and line"It (0 )" change the-num-er " .955 " to " .953w

34. Page IYV-l: In the table in column number "6" and the last lineof the oolumn " Q i( A -i "a,± ) " ohangeýthe number

"6.85 x 10-7 to "6.85 x 10 9 "

44. Page V-1: Below the last line of the page, insert the following:

TABLE 2

SCONVERSION FACTORS

DISTANCE: 1 kilometer = 3281 feet
= 0.6214 statute miles
= 0.5400 nautical miles

PRESSURE: 1 atmosphere = 1013.3 milllbars
= 760 mm Hg at 00 C.
= 14.70 pounds per sq. inch

To find pressure vs. altitude, see Figure 19.

TEMPERATURE: OX = 273.16 0°

oc = -( ( OF )32
9I



ERRATA #1, continued, page 7

4ý Page V-2: In the title change the word " PATHS " to read
/ LINES-OF-SIGHT "

In the first figure " Type 1 " ohange the word n PATH " to" u RAY "

42r Page V-bO: Change the ordinate of Figure 9 to re.d " lO"1 U at the
11 top of the figure and " 10" " at the bottom of.the figure. Also

change all the intermediate values azzorz&±g# so that they will
be consistent.

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

4U Page V-15: Change the ordina e of Figure 14 to read " 10 " at the
top of the figare and " 10-1 " 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 " z , EQUIVALENT, etc."
to " Zh , EQUIVALENT ATMO-CM. OF OZONE CORREZTED TO SEA LEVEL U

44. Page V-19: In the ordinate of Figure 18 should have the following
title " ALTITUDE, KILOMETERS

4§. Page V-50: In Figure 49 in the title change the word " PATHS " to
.• "LINES-0F-SIGHT"

41. Page II-1: At the end of the second paragraph change the words
"line of sights " to R lines-of-sight"

Corrections to the Appendix will appear in a later ERRATA.

iii

p!



"ERRATA. No. 2 for Document No* 61SD199
o' Infrared Transmisslon and Background Radiation
"*by Clear Atmospheres "

"by Thomas L. Altahuler October 13, 1963

" Pago'VVI-!" The first oentanoe at the top of the pageoohange " Infrared
path "' to o Infrared line of might , .

2.' Page VI-11 Change the word 1, path 00 to 1 ray Of In the following
eontanceoe R .oetc., X a eta., y u etc.

3.' -Page VI-31' 4th line from the top of the page Change " When 0 eta. "
"to road: "Vh, 0 < 6 0'ad assuming n tSl.O this reduces' to

4.' Page VI-4s'. First and 2nd lAnes from the top of the page change " path 0
to read , line of might oo.

5' Page VI-4: DGth and 7th lines 'free the top of the page-change *0 D 0.

to road 0 0. D 2

6. Page VI-: , /6th line from the top of the page change " , a VI~ngle
between OCYC see Figure 51 0o to road o 4 a angle between OCYt seeFigure 81.s0

'.'. Page VI-63: Change the formula on the 2nd line from the top of the page
from Go D o

""' " to read s - rS-,; in to -050 r &in (o - sof 5

a , Page VI-Ot 2nd and 7th lines from the bottom of the page change
-. , " Shaws reference 15 ' to road " Shaw# reference 16 ,,

"" • PAg* VI-Ils 3rd line frqm the top of the page change It For Intermediate
regions, ero .01 'to read " In order to simplify calculations for
intermediate regions, it will be assumed that the transmisseon can beS• ,,Approxinateld'lj"a function such as i 0

.10. Page VI-lis 'Between 6th line from the top of the page 0,where n varies
-frole 0 to .1 ' and thoe7th lane from the top of the page °,It can be

seen, eta, " Insert the following sentanco 1 " The maximum errors in

'~ 11. a"in this sassumption are -given on Table 3,s. page VI-24 "

"ls Page VlI-IlL 13th line from the top of the page changeo.. the halt widths..
1 0.) for oarbn dioxide and water vapor ar e: , to read i the halt
'widths (a) tor oaWbon dioxide amd water vapor at MIP are approximately:'

12. Page VI-I:s *21st line from the top of thepage *oba•g the formula*
Su o to re"ad o u

2nd

13. Page VI-Il: change equation (48) to read: 0 L +1 0lAd



.RRATA No. 2 Continued page 2

. 14. Page VI-12: Change equation (51.) to road s " R

q f'h ( F)dR

.. " Page .
15. VI-12: 9th lin from the top oe the page change " •a to reed

16. -PAge VI-iSt The 2nd line of the first paragraph change " are made for,
* eto. 0' to road 0 are made for deviations of existing. weathor from the model

at the altitude (h) of.'

.1t74 age VoIZ- In the definitions'after C Pil! ehange to reads..

" Pa' pressur o ( mOde)t see Frigure 19 .

18. Page VI-S, Isn the definitions af o, " change to read:
sea evelo' equivalent quantity of"gas per kilometer horisontal

. . path. length at altitude h "

19. Pago VI-13: In the definitions after " T , change to read Ua follows%

7," T a temperature (-model) Ki, see Figuro 20. "

206.' PVage VI-13: In the definltions change Of u eta. 91 to read:
. .. 1u, h actual quantity of a gas or vapor i1 a kilometer horisontal

.path length at altitude h b

21 . PageYIt-6s ýChange equation (34) to read am folloves '

Imodeo (P/
.226L + 'a VZ ts Change equation 53 to read as tolkovas

: : : *YI

h ,Y

" p Page VI -61: ftI, the following lines from the bottom of the page 11x
*, should be Changed to *' X " i Lines l,3,4, 6, 11. ,14. .,

2*. ' Page V-I2u,. In equations (56) and (57) 'Ohamne "" to . 1 .

"250 Page Vl-l? -Change equation (57) to 6ead as, fellnvs.

Cy *4hXioel ,7 *.I'

.+ ' . +* - " -,

• ,. 3,4

C.

%0\



ERRATA No6 2 continued, page 3

26. Page V-I4?t The first sentence after "Part 2) To Correct IdQ M ,
"correct oo ktlimeters 10 to 1e kilometerl -.

"2?7& -Page VI-21s Correct equation (68) to reads:

I. e 0.06O(hl- h) 0 eO.60 .0h hax (O.)i

03..

281. 'Page VI-22:, Correatt 'equation. (48). to reads

LO a

209 page VI-22r Correct .quation: (50) to reedi •

30., Page YVI-23 Correct equation (69) to reads

-::*~ Peg:c~r~q!!!aton .jtos

L*.

320,., Page V-143t 11th line from the bottom of the page which reads "gas$

abd that 0. end (8) remain constant etc. change to read 1" gas,
Sndthat (Go) and. (6) remain constant over the bands of 'abic#ptien St &

0.

33, '.. Paxe VI-m23: th line from the bottom of the page dhich rads
9'prospated In Table 2. etc.* change to r"ad "' presented in

Table &. etq

34.:. Page VI-23i t3rd line from the bottom of the page vhich reads 0
• ............. transmission as a function of (t) and (r) as veil as variations,

S between the red change to read " tranmission'as a function of- Q)
and 2x) as vollaa variations between the 9.

38.: Page VI-23s At the bottom of the page change equation (7;) to 'road
.3q~g•i' ( A )q Then insert the fo*sjw/l equation.. beoa "ths " ý; ,eq.uat

X eq( 3 .

3W., Page YI-24 Change Table 2 to read " TABLE 3 9.

3?. ,, .Page VI-258 The 4th and 5th lines from the top of the page which oeads',
:( the sources described In Table 3. The transmission functions,'

described as oo type of model " in Table 20 will- be covered -etc. )
change to read ( the sources described In Table 4 e The transmission
functions, described i* r. type of model - in Table 3, etco "'

38. Page VI-23t, Change ,o TABle 3 "to read. ,o TABLE 4 "



ZRRATA No* 2 oontinued, page 4

* 9Page VI-261 Change "TABLU3 "to read TA T614

CIA.Pago VI.27i Change TAM ?AL3 ' to read "TAMA 4 "

41,ý Page VZ.B?i Chaigga equation '(40W) to read, -a~ lls evI

4$ý, PageIf VI 113.* Change equation (47) to road a' tolos a

43.ý XPago V-!S1,v2: Change equation (49) to read 4s followial

4 aeVI.29:t Change the first line at the .top of the Page to'reads

*"The data-at the 4OU~ band waa fitted to an,2lsasser model ( equatibn 75)

45, age VI-ýW9: Change equaltion (7)'to read' as follows:':

440 Page Change the 8th' and 8th lines froak the bottom of the'pagea
"t1o Iread its followns:

9.3,A rotation band of vaeor %7&porp Burch, floward &and Villiamist
iappfia~d the Goody model to their water Vapordt t h .j and
3 21& ban~g. Table 3 4

47 V : After the legend 11,Ilsassor model' * add the worda,'
~ ~e.(78) where u0, "' After 'the legend 1'Goody model of
ai th verde, e.(4'vhr . .

48.'' A"e 1-331i In the 'labeal of the abscissa delete'the' letters " iu "q-

40. Page 1-34:, kn 'the second equation from the top of the page, .e. A
x .

erf-(x) 2 e dt I, lable the equation as' eq. )

d0.., page VI-34: I n the 14th and 20oth lines from the bottom of the Pogeo
*4=6 otag Table2 "to read "Table 3".A

51o'Pag VI- s n the 7th line from the top of the page, Chan"e
W~ here * A M~ a absorption A,".te read:

*" where:l A (IL) w absorption, of gas at wavelength ()



* ERRATA No. 2 continued, page 5

*52. Page VI-33: Delete the last paragraphiof the page and add~the follOWLASS
" Figure 56 shows the absorption of infrared by-various gases

*at sea level as .a function of Px , The actual curve shown for 120

.'repriesents one lof the family of curves In which the Goody model

applies as presented by Plass (20) where P*0.35 as given In Table 3i

simailailyt, the actual curves for 03and X~ SO ome from a family ef

:Xlsadser model curves In which a 0.9 and 1.1 respectively. The.

curves shown as the Ilsasser model and Goody model whore Pm0
represent the absorption curves used In Figures 24 - 31 and 39 -446

It one were to have a small quant Iity of 2 20 vapor, or 039 or. N 209 h

* ',*xpected absorption curves at sea level would more lkel follow the

actual curves shown In Figure 58 rather than these In which P a 0.
2

Thus if Vz m 0.00350 the absorption of Infrared by water vapor.

*would be 0.012 rather than 0.05 as predicted by the Goody model with

* -0. Dy going into the water vapor curves, Figures, 26 31, and

looking for w,,,% the actual absorption for that amount of water..

vapor would be 0.:012.

To find the absorption of small quantities of vapor or gas,

*Lets a amount of gas or vapor necessairy't. obtain 05,
15 transmission from the curves in Figures 241-44 i

** the.&=*eunits as, us ,U A '

2nao -0 a 03 2~a
* F r 29 0-a o

A (A-) u 0  from equation (43)

FoT, 3  A(W 0.012 frem Figure 58

An& 0

,.',Thusj A 0001 2 ... 0#02 q (1

-For 0 ',S quatiom (23) was -found In the'same way as equation (21).7

For E

AO. 0.600 for U fromfigure so

:And a.07d*~, from~able I

KThs * 00006, ( 0)/Nk$ UxO.B2(19 J3 ) %, eq .(264

'3.2



* ERRATA 1W.. 2 continued, page 0 N

ForCO2

For carbon dioxide$ the curves used Lia Figures 32 through 38
follow iho actual absorption behaviour of earbem- dixide Under sat
level eoaiUAion** T~hus,

And)mO9 32 49 5 %

A; u ii

Thus Ap 0'.0iiLLO l eq-(as)

5,Page 'YI-37t: Change equation'(79) to read as follovat

0.005 T .

54. Page VI-38i change the definition of J~ t cdasfl

"J I spectral irradiance at the observer at 00~) v atts/a 2-,
cm Micron

55. Page VIZ-2: Change reference 3? to read as follows:

" 37. 11 Optical Engineering Handbook "Section 11,..p .ý4464,
Dr. J.A. Mauro, Editor, published by-'General 91*otric COO$
Sche~poitady 1957 .

44
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S~ DEFINITION OF SYMBOLS

A AH0 absorption by water vapor.

SAC~ G2=absorption by carbon dioxide.

A = absorption by ozone.

A AN20 =absorption by nitrous oxide.

Cgas = temperature correction for C02, N2 0, CH4, CO, Figure 16.
SCH2 0 = tmeauecorrection for water vprFiue15.

d = equivalent path length of dry air in the infrared line-of-sight,Scorrected to sea level conditions, kin. This is used tospcf
the amounts of CO2 N 0, CH,, CO, and haze which have ap-
proximately constant m~ixing ratios with air from 0 kmn. to

I ~50 kin. altitude.

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

l ~tions, kin.

d v=equivalent path length of dry air in a vertical path from altitude
v h to •,corrected to sea level conditions, kmn.

I dh = equivalent path length of dry air in a slant path from altitude h
h to •,corrected to sea level conditions, km.
d 95% =quantity of carbon dioxide or'nitrous oxide, obtained from Figures

d95% 32-44, needed to make the transmission = 95%.

f = fractional concentration of gas.
SH = irradiance at the observer, watts /cm 2

HX = spectral irradiance at the observer over the wavelength interval( A A) at wavelength ( A), watts /cm2
h = observer altitude, km.

Oht = target altitude, k in.

h min = minimum altitude of infrared ray, kmn.
h low = lowest altitude of infrared line-of -sight between observer and

S[ target, kmn.
h liueo rppue:• h~~trop =att d ft o o a s

• |h = altitude of maximum ozone concentration.• • ~max(05
Sh' 3) =fictitious altitude, km.

k• kH 0 = correction factor for water vapor when h' is used, Figure 22.
S lNA = spectral radiance of target, watts/cm 2 -ster. - micron

Sk0 = correction factor for ozone when h' is used, Figure 23.

0 3
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DEFINITION OF SYMBOLS (Con't)

P = pressure (of actual atmosphere when used in Section III)

P = sea level pressure = 760 mm Hg. II0

A P = pressure difference between actual atmosphere and ARDC model
atmosphere, i.e. (Pactua)- (Prode)

QA = spectral radiance of target over the wavelength increment (A A
watts/cm 2 - ster. -A A

S max = maximum spectral radiance of target over the wavelength incre-
ment (A X), watts/cm 2 - ster. - AA

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

R = line-of-sight range, km.

R. H. = relative humidity

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

To 0= sea level temperature = 2880K

A T = temperature difference between actual atmosphere and ARDC model
atmosphere, i.e. (Tactual)-(Tmodel

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

UH 0 = actual quantity of water vapor, pr. cm.

u GC02 = actual quantity of carbon dioxide, atmo-cm.

u = actual quantity of ozone, atmo-cm.

UN = actual quantity of nitrous oxide, atmo-cm.

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

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

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

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

w= fictitious value of wh, W, wh h andw w

w9 5 % = quantity of water vapor, obtained from Figures 24-31, needed
to make the transmission = 95%.
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o DEFINITION OF SYMBOLS (Con't)

"x = fractional concentration of water vapor at 100% relative
humidity to dry air at 760 mm Hg pressure and at temperatureJ (T). Use a psychrometric chart to determine the value of (x).

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

z h = equivalent atmospheric centimeters of ozone in 1 km. actual
horizontal path length at altitude (h), corrected to sea level
conditions, atmo-cm.

z v= equivalent atmospheric centimeters of ozone in a vertical.
Spath from altitude h to corrected to sea level conditions,
atmo-cm.

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

z' = ficititious value of zh. zh and z

z 95% = quantity of ozone, obtained from Figures 39-41, needed to make
95%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.

G 0 = elevation angle of the infrared path at the observer, degrees.

0t = elevation angle of the infrared path at the target, degrees

emin = elevation angle at hmrini degrees.

A = wavelength in microns.

X max = wavelength at QA max' microns.

AA = wavelength increment such that:

log1 0 ( A+ AA ) - log 1 0 (Aý) = 0.01

r A(A• = atmospheric transmission through the infrared path of infraredI radiation at wavelength (A' )

r H20(A) = transmission of H.0 vapor at wavelength (A)

r C02 (A) = transmission of CO2 at wavelength (A.
0ng

r 0 (A) =transmission of 0 at wavelength (A)

r N 0 (A )= transmission of N~ Oat wavelength (A)

r (A) = transmission through atmospheric scattering particles (haze)Icat at wavelength (A
r A, i(A) =atmospheric transmission at wavelength (A) from the (i th)

A•i point on the infrared path to the observer, see Figure 49. There

are ( n ) such points.

= solid angle measured from the observer, steradians.
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SECTION I

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 harmful 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

j 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.
Ssolutions involve three steps.SSuch sltosivletreses

Step 1, covered in Section II, 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

F 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.

IIStep 3, covered in Section IV, 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 I

through 3 are grouped in Section V.

1] Section VI& the appendix, covers the theory upon which the calculation

Ii procedure is based. However, it is not necessary to delve into this theory in

order to correctly solve atmospheric transmission -problems.

I-I
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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

visible light. Thus, except for certain types of monodispersed fogs, one can-

not "see" much better with infrared than with visible light. Taylor and Yates(1)

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 Altshuler(2) discuss methods for determining the atmos-

pheric transmission through cloudy atmospheres.

It is suggested that those unfamiliar with the subject matter of this report

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.

I

I

Numbers refer to references listed in back of report.
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SECTION II

DETERMINATION OF INFRARED LINE OF SIGHT

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.

Type 2 is that geometry in which the infrared ray does not intersect the1, 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.-

h 0 = observer altitude, km.

Sht = target altitude, km.

hmin = minimum altitude of infrared ray, kmi.

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

1 o = elevation angle of the infrared ray at the observer, degrees, i.e.S0 angle the infrared ray makes with the local horizontal at the ob-
server, up + and down-.

t = elevation angle of the infrared ray at the target, degrees.
Omin = elevation angle at h min, degrees.

Iii



If any four of the above independent quantities are known, the others can

be found. 0 i and hn are the only quantities not independent of each other,

thus they cannot be used together as two independent quantities. If the range, 1
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 so 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 j
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- 1
resent observer and target positions. Now slide the template across the figure l
keeping both abscissas coincident, until the observer and target positions on

i ~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 1

infrared in the Earth's atmosphere. The curves were computed for infrared

radiation at 2 microns wavelength in which the ray is the averaze of those at dif -I
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

I. Given
ho = 24.0 km.

ht a 39.5 km.

R = 910 km.
Required

Values for the other geometric variables.

Solution: Use the Template A with Figure 2.

hmin = hlow = 15.0 km. (ho < hlow <ht)
9 = -3.00

0

.1
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et = -5.00

9 min 0

The infrared path is that of type 2, see Figure 1.

2, Given:

ho = 8.0 km.

h = 41.0 km.

R = 500 km.

Required:

Values for the other geometric variables.

Solution
Use the template A with Figure 2.

hmin = 5.0km.
hlow = 8.0 km.

00 = + 1.60
0 t = - 6.00

= 0

min

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

3. Given
ho = 17.5 kmn.
h ht = 55.0 kmn.

R = 340 kmn.

Required
Obtain values for the other geometric variables.

I Solution:
Use the template A with Figure 2.

Shmin = 0 km.

hlow = 17.5 km.

0 0 = + 5.00

0 t = - 8.00

0 min = 3.00

I The infrared path is that of type 3, see Figure 1.

H11-3
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SECTION III

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. CO2. 03, N2 08

CH 4 , CO, 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 I and Figures 17 and 18. For most problems,

the use of these models is adequate, and the calculation methods in parts 1II 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
s ea level conditions, km. This is used to specify the amounts of
CO, N•0. CH. CO, and haze which have approximately constant1 2 s . 4&

mi ing ratious with air from 0 km. to 5 0 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

Swhich 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 0 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 (4), (w ), and ( z ). The actual amount

of the gas in the line of sight is represented by the symbol ( u ). The Appendices

MAW-_-I



B to E, give the theory upon which the calculation procedures of this section

are based.

Part 1: R 150 kilometers, horizontal paths, Use Figures 5 to 9 [
Let: dh = equivalent path length of dry air in 1 km. actual horizontal path

length at an altitude ( h ), corrected to sea level conditions, km.

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

zh = 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 =Whx R eq. (1)

d -h xR eq. (2)

Z = zhxR eq. (3)

EXAMPLE

Given

h = 10 km.
0

R = 15 km.

Required

Find w, d, and z

Solution

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

From Figure 7, dh = 10- km.
-3From Figure 9, Zh = 1.75 x 10" atmo-cm.

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

W 1.1 -z0 x(5
105 x 10 (15) c .m.

Ana.{ . x 10") x (15) = 1.65 x 10 pr. cm.Sd = ( 0"I) x 1}=_____5k.

Z (1.75 x 10") x (15) = z.72 x 10 atmoý- cm.

Part 2: R < 150 kilometers, slant paths, Use Figures 5 - 9 r1

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

111-2
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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.

z equivalent atmospheric centimeters of ozone in a vertical path from
I. v altitude h to . corrected to sea level conditions, atrno-cm.

S[ Wy (observer) - W (target)
ht - h

d is similar toW

Z is similar to W

EXAMPLE

Given

3 ho =5km
ht =10kkm

R =20km

Required

Find d, W, and Z

Solution

From Fig 5, Wv (observer) = 7.1 x 10-2 pr. cm.

Wv (target) = 1.9 x 10-3 pr. cm.

From Fig 7, d v (observer) = 1.35 kmn.

dv (target) = 0.33 km.

From Fig 9, Zv (observer) = 8.8 x 10-2 atmo-cm.

Zv (target) = 8.0 x 10-2 atmo-cm.

From equation (4)

W = 7.1x 10-2 - 1.9 x 10-3 20 =2.76x 10"2 pr. cm.

10 - 5

Ans d = 1.35 - 0.33 20 = 4.16 km.
1 10 - 5

z 88 x 10 2 - 8.0x 102 20 =3.2 x 10 2 atmo-cmn.
10- 5

Part 3: * min > 70

Use the same procedure outlined in part 2 above.

1ll-3



Part 4: R > 150 kilometers and 9 min < 70' Use figures 10 - 14 1
Let: dh_. = equivalent path length of dry air in a slant path from altitude h to

m , corrected to sea level conditions, km.

Wh-. = equivalent precipitable centimeters of water vapor in a slant path
from altitude h to ., corrected to sia level conditions, pr. cm.

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

Case a) If h or ht is at hw i

w : wh .. (observer)' wh - (target)j eq. (5)

d is similar to w

a is similar to w

EXAMPLE

Given

ho = 15.0 km. A

ht = 00.0 km.

Smin = 30

Required

Find w, d, and z

Solution

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

h low = ht

R = 220 km> 150 kmn, < 70
min

From Figure 11, Wh .(observer 4.1 x 103

From Figure 10, Wh (- (target) = 38.5 pr. cm.
h -r sevr = I7 10 1 km

From Figure 13. d (observer) 7.7 x 10"1 km.

From Figure 12, dh - (target) = 71.5 km.

From Figure 14, zh ( (observer) = 7.0 x 10-1 atmo-cm.
From Figure 14, zh ( (target) = 1.15 atmo-cm.

From Equation (5),

/W a 4.1 x 10-3 38.5 =38.5pr. cm.

An 7.7 x 10"1 - 71.5 :70.7 km.

a a 7.0 x 101 - 1.151 =0.45 atmo-cm.

111-4



Case b) If hlow <h0 , and hlow <ht

W = 2 wh -s (at h min) - wh (observer)- wh (target) eq (6)

d is similar to w

z is similar to w

EXAMPLE

Given

h = 15.0 km.
0

ht = 20.0 km.

R = 630 km.

Required

Find w, d, h

F. Solution

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

of type 2, Figure 1.

hlow= 10 km.; thus hlow <h andhlow < ht

h = 10 km.rain • ..

From Figure 10, wlh . (at hmin) - 1.30 x 10"I pr. cm.

From Figure 11, wh (observer) = 7.7 x 10 3pr. cm.

w h (target) = 1,23 x 10. pr. cm..

[From Figure 12, dh h- (at hmin) = 19.0 km.

From Figure 13, dh h- (observer) = 1.43 km.

dh so (target) = 0.23 km.

From Figure 14, Zh (at hmin) = 1.70 atmo-cm.

Szh . (observer) = 1.11 atmo-cm.

zh . - (target) = 0.66 atmo-cm.

From equation (6)

(w = 2x 1.30 x 10"1 - 7.7 x 10 3- 1.23 x 10-3 = 2.21 x 10"1 pr. cm.

An. d z 2 x 19.0 - 1.43 - 0.23 = 36 3 km.

z = 2 x 1.70 - 1.11 - 0.66 = 1.63 atmo-cm.

111-5
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Part 5: Weather Change Corrections, Use Table 1 and Figures 15 through 21 :
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 I!

with the weather. The weather conditions which must be known are the pressure,

the temperature, and the concentration of gases and vapors. The temperature I
(38)can be obtained from Figure 21, taken from D. N. Vachon, 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 Caie a) will suffice. Otherwise, one must employ the methods of

t Case b) which is much more laborious.

Let: C = temperature correction factdr for CO2 . N 0. CH 4 , and CO,
gas Figure 16. and

CH 0 = temperature correction factor for water vapor, Figure 15.

f = fractional concentration of gas.

P = pressure (of actual atmosphere when used in Section ) I)
P = sea level pressure = 760 mm Hg.

0

AP = pressure difference between actual atmosphere and ARDC model
atmosphere, i.e. (P actual) -(Pmode)

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

T sea level temperature = 2880K

= 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.
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Case a) T L- <0.1 and 4 <0.2P T

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

vapor existing under actual weather conditions. It is assumed that AP and
AT 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 zh (corrected) where it is found along the line of sight.

To find zh for the model atmosphere, refer to Figure 9.

R. H
W corrected = (wrmodel) x R.H. m - + I -+ low CH0 eq 17)

low

d{ -&11
corrected (dmodel) x f [- +2 x c eq (8)

model x Cgas
low

corrected =(Zmodel) x u Ia+ 0.3 x[(4l•)3 eq (03)i i modeloddm) uo TL -- max(0 3

EXAMPLE

Given

h = 5km.
0

ht = 10 km.

R = 20 km.

R.H. = 80%at h

P = 0.525 atmospheres at

P = 0.55 atmospheres at ht

K T = 2500K at h

T = 210°K at ht

Required

11 Find wcoretd,
dcorrected, corrected, corrected

111-7
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Solution

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

To find wmodel' dmodel, and Zmode I

hh
low 0 o

Wdl -276-2
W 2.76 x 10 pr. cm.

dmodel 4.16 km.

model~z model = 3.20 x 10.2 atmo-cm.

From Figure 9, the maximum value of zh within the infrared path is at ht -

10 km.

To find ['. =H f ~and[und]

20vapor N2 0,'CH4 , CO 03

R. H. -d80% 0.80 , see Figure 17.

R. H. odl1 00%]

Assume:

ff = 1.0
fmodel

uu =1.0Umodel

To findIP
From Figure 19, P = 0.530 atmospheres at ho

P = 0.2 60 atmospheres at ht

h 0.525" 0.530 '.- 0.00953

IPP 0.525
0

0lh - .250 0.0 196
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i AT
To findCH20 , Cgas' and

From Figure 20 for model atmosphere:

T = 255.0°K at h = 5 km.
0

T = 223.0°K at ht = 10km.

AT= 250 - 255 0.02 at h= 5 km.
T 250 0

From Figure 15, with[4L] = -0.02

rTh0

CH0 = 0.65 and,

From Figure 16,
C g 1.032

gas

S210 223.0
[I 21-22. = - 0.06Z at ht 10 km.

h-tI 210L htJ

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

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

I d corrected = (4.16) (1.00) (1 - 2 x 0.0095) (1.032)

i Zcorrected = (3.20 x 10 2) (1.00) (1 - 0.3 x 0.0196) (1 + 0.15 x 0.062)

f corrected = 1.42 x 10-2 pr. cm.

Ans dcorrected = 4.22 km.

x corrected = 3.21 x 10. atmo cm.

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

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

dure can be used:

Wh w(12 2.5 6) (R. H.) (X) 
eq/10

T eq (10)

S111-9



d 2  /q (11) If
lmodielj I LT0

= (u) P 0 eq (12)
h (° Pol

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: &R. = incremental distance along the infrared path.
SR

w = wh &Ri eq (13)
=0

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

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

EXAMPLE

Given
h 0 ht = 15 km.

R = 18 km.

P = 91.0 0 mm Hg

T = 2200 K

SR.H. = 60%
f 0.031% for CO

Required
Find w, d, and z

Sol uti on

TSo l ind x, refer to a psychrometric chart at temperature 220°K.x = 1.6 x 10-

Tofind [modeo ]

From Table 1, f model =0.032%

[model] mo.del2 0.032%
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To find u, see Figure 18 assuming the model atmosphere applies.

u 6.3 x 10-3 atro-cm/ at hnax0 * 15 km.

[From equations (10), (11), and (12)

Iwh = (12Z.56) (0.60) (1.6 x 10"5) 28

I*(0.97) [91.3] 2 [ 28j3/21 7W
a s 6.3 x 10 .3) [ 9 1 01

0 1.288 0.15

I - " ( ' )2 0 1 0

wh = 2.1x 10 .pr. cm.

I dh 3.0.0208 kmn,

I h = 3.5 x 10.3 atmo-cm.

F rom .equation (13)

w a w xR z 2.1 x 10-4 x 18 = 3.78 x 10 3 pr. cm.
I' h

Ana d z0.0208 x 18 d 3.75 (10 km.

Iz = 3.5 x 10" x 18= 6.3 x 10 atmo-cm

Part 6: Changes in the Altitude of thp Tropopause and the Altitude of Maximum

Ozone Concentration, Use tigures 21 -023

This part will cover methods to obtain correct values for ( w ) sand ( a if

the altitude of the tropopause and/or the altitude 'of maximum osone concentra-

Stion differs from the model.' Part a): will describe the methods used to obtain
the correct value for (w ). Part b) will describe the methods used to-obtain the

correct value for a The correct values for (d can be obtained &a in Parts
.1-5.

I . Let:'
h fictitious altitude, k.m.

Shtrop a altitude of tropopause
hmal(0)a altitude of maximum ozone concentration

3) ucorrection factor for water vapor when b' is used. Figure 22

M-11



k0 3 = correction factor for ozone when h' is used, Figure 23

wI = fictitious value, of whp wv, w , and w

zi = fictitious value of zha zv, Zh. m, and z

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 also 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 2880K 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: h <h - 3 km., or hl >h + 10 km.
low trop ow trop

Use the model

If: h lw>i h - 3km.an blw4h +1km
ow trop anthrop +0 m

Use the following procedure: i-
Step •

Let: h t = h+ 11.0 - htrop eq (14)

Go into figures 5, 6, 10, or 11 with the values of ( h )hl andO
Nh in ) as computed from equation (14). Determine the appropriate

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

H1-12



Step-
Correct ( w' ) to the proper value of ( WmodeI , where:

""model =kH2 • w' eq (15)

kH 0 can be obtained from Figure 22ii 2
Step 3

The above value of ( Wmodel ) and the "model atmosphere for tropopause

'I altitude changes" should be used as the reference model for correcting for

j existing weather conditions. Use the same procedure as outlined in Part 5

of Section III in order to make such corrections.

EXAMPLE

I Given
h = 15.0 km.

ht = 20.0 km.

R = 475 km.

1R. H. = 80% and constant in troposphere
Latitude = 380 North

Date = January 1960

Required

Find

t Solution

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

see Figure 1.

tStei1
0 4 find htrop, refer to Figure 21.

Shtrop = 14.0 km.

From equation (14)

h = 15.0 + 11.0 - 14.0 = 12.0 km.

ht = 20.0 + 11.0 - 14.0 = 17.0 km.

h in= h low 13.0 + 1.0 - 14.0 = 10.0 km.

As in Case b) Part 4 Section III (P. 5 )
wh-a (at hm'in) = 0.130 pr. cm.

MII-13



I
wh (at h') =0.027 pr. cm.

0I

wj,. (at ht) - 0.0 036 pr. cm." lIi
From equation (6)

w = 2 x 0.130 - 0.027 - 0.0036 = 0.229 pr. cm.

Step 2

h - htrop = 13.0 -14.0 = -1.0 km.

From Figure 22

k H20 = 2.8 x 10-2

From Equation (15)

model 2.8x 102 x 0.0229 = 6.4 x 10.3 pr. cm.

Step 3

To correct for weather changes:

R.H. 80%
R. H. = 0.80

R.H.model 100%

Assume the pressure versus attitude corresponds to the model, i.e.
LP- = 0

To find CH 0

From Figure 21, T = 2100 K at h = 13 km.

From Figure 20 assuming htrop 14 km.I0
T 203°K at 13km.

hlo=2102i0 =0.033

From Figure 15

CH20 = 2. 9 at hlow = 13km.

From Equation 7:

Jn w d = (6.4 x 10-3) (0.80) (1 + 0) (2.9)

Ans Wcorrected = 1.5 x 10 2 pr. cm.,

Ili-14
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Case b) Ozone - Changes in Altitude of Maximum Ozone Concentration

It can be seen from Figure 18 that the maximum concentration of ozone oc-
curs at an altitude of 23 km. inr 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(0 3) eq (16)

• Go into figures 9 or 14 with the values of (ho ), (ht ), and (h'.l )as corn-

puted from equation (16). Determine the appropriate values of ( z' ) as was

done similarly for ( z ) in Parts 1-4 of Section III.

Step 2
I Correct (z' ) to the proper value of ( Zmodel )o where:

z modl =k z' eq (17)

00can0 be obtained from Fiue23

3

I Step3

The above value of ( Zmodel ) 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 III in order to make such corrections.

EXAMPLE
S~Given

h = 15.0 km.

ht = 20.0 km.
h ma(0 3)-z~
h ax = 21.0 km.

R = 475 km.

uv = 0.350 atmo-cm. = amount ozone in a vertical column

Latitude = 380 North

IDate = January 1960

Required
Ii V111-15
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Solutionl

From Figure 2, hmin 0 hlow = 13.0 km.

This is a Type 2 infrared path, see Figure 1.

Step 1
From equation (16) 1]

h'.= 15.0 + 23.0 - 21.0 = 17.0 km.
0

ht' = 20.0 + 23.0 - 21.0 = 22.0 km.

hmin = OW= 13.0 +23.0 - 21.0 =15.0km,.

As in Case b) Part 4 Section IIl (P. 5)

z- (at h' = 1.86

z- (at h ) = 1.25

zlh_ (at ht' 0.62

From equation (6)

Z' = 2 x 1.86 - 1.25 - 0.62 = 1.85 atmo-cm.

Step 2

From Figure 23Ik 0=1.1003
From equation (17)

zmodel = 1.10 x 1.8 5 = 2.04 atmo-cm.

Stop 3

To correct for weather changes:

To find
umodel

From Figure 18, umodel = 0.229 atmo-cm.

u a 0.350 atmo-cm is given

u M0.3 .53

umodel

Assume the pressure versus altitude corresponds to the model, i.e. I
-70
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To find - :

From Figure 21:
"T = D1 0 K ath = 20 km.

From Figure 20, for model atmosphere
T = 216.6°K at ht = 20 km.

T - 210 -2166 .01

From equation 9:

Zcorrected = (2.04) (1.53) (1 + 0) (1 + 0.15 x 0.031)

5 Ans
Z td = 3.1_3 atmo-cm.

11-1
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SECTION IV

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 (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 mlole-

cular absorption and scattering by haze will be considered here, since solidII particle absorption is considered to be negligible for most practical applications-

This section is divided into three parts. Part (1) gives methods for de-

I termining the transmission of infrared by the atmosphere. Part (2) gives meth-

ods for determining the molecular absorption of infrared by small quantities of

5I 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

Molecular absorption is caused by the vibration of atoms within a gas

gas molecule is responsible for the infrared band absorption spectra while the

rotation of the molecules are responsible for the fine line spectra within the ab-

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,

Inthe 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

[1follow instead much more complicated laws, viz. the Elsasser model, the Goody

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

Altshuler, ref. 3.

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

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

( log, l) was designed with increments equal to 0.01 units. Large errors

will not be introduced when calculating the total atmospheric transmission ver- i
sus wavelength. The data from which these figures 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 N20 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 assumption agrees with data obtained from Taylot and Yates, reference 1.

The absorption bands for CH and CO are not included in this report.4
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

r H2 0 (A) = transmission of H2 0 vapor at wavelength (A)

H C0 2 (A) = transmission of C22 at wavelength(A)

C 03 (A) = transmission of 03 at wavelength (A)

T N0 (A)= transmission of N2 0 at wavelength ( A)

T ( atx) = transmission through atmospheric scattering particles (haze) iat wavelength (X )

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

To obtain the atmospheric transmission: 11
Step 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) I)
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." o I
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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 (r ) for each gas, water vapor, and haze at
the same wavelength and calculate:

= P H ) [r N 2 0" )] x scat. X

'• eq (18)

Step 5: Repeat Steps 1 - 4 for each ( log A ) division ( 0.01 units apart)
over the wavelength region desirel in order to obtain the atmospheric
transmission if not indicated otherwise in Figures 24-45.

* EXAMPLE

.1 Given

From the EXAMPLE in Case a• Part 4, Section III

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 P.
I Solution

From Figure 27, r H 0 .18H20

From Figure 35, r = 0.37

From Figure 39, r = 0.735
03

From Figure 42, r NN2 0 = 1.00

scat.
SFrom Figure 45., scat 0.28

From equation (18)

r (4.8) = 0.18 x 0.37 x 0.735 x 1.00 x 0.28

Ans r A(4.8) = 0.0137 = 1.4%

Part 2. Apparent Target Radiance. Use Figures 46, 47, and 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, will be transmitted by the line-of-sight. This apparent
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spectral radiance at the target as a function of wavelength per unit wavelength i
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 A,, the apparent target radiance

is given by

where

0A = AAN = 0. 0 2 3 X NA

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 ..

2Let: NA = spectral radiance of target, watts/cm - ster. -g

Q = spectral radiance of target over the wavelength increment ( AX}
•. ~watts/cma - star. -&AX

= maximum spectr l radiance of target over the wavelength increment

max (A Ax ), watts/cm - star. &A

T = temperature of target, degrees Kelvin

A = wavelength, microns

A = wavelength at Q. . microns
mmax

&A = wavelength increment such that:

log 10 ( A + AA ) - log 1 0 () = 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 s6 that the horizontal line

of the template coincides with the abscissa ( the line- - = 10- ). Slide the
Q~max

template back and forth keeping these lines coincident until the vertical (k max

line of the template coincides with the appropriate target temperature indicated in

the bottom scale of Figure 46. Now read off - t directly as a function of

log, 0  Q max

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

Therefore, max

Q A =AQ[,' eq (20)
amax

where fA is the spectral emissive power ('A = = 1 for a black body, or II
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
S[ Given

T 800°K

Required

Find.Qx at A 10

Solution

i'reor Figure 46 and Template B

From Figure 47

QkA = 1.2 x 10 watts/cm ster -A

max

From equation (20)

Ans. QA (0.45).(1.2 x 10-) 5.4 x 10.3 watts/cm- aster - AXIi _i Hm

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 absorption

i behavior is known as the "linear region" of the absorption curve, and occurs at

low values of absorption (A gas 4' 0.05) irrespective of which absorption model

applies; vin, 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 absorption model that best represents 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
SAppendix F and are summarized in Table 2. These assumed models fail to hold

when dealing 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.

SFigure 48 shows the linear absorption regions for various gases and vapor*.

The absorption refers to the absorption of a gas in the line-of-sight. The altitude

refers to the lowest altitude of the line-of-sight ( blow ). If the absorption of the

gas in question is below that value given in the curve then the relationship

A a0.05 u holds as follows. For C0 An 5 0.05 0.0016 !--0

t~s 02 32 u955 d9Sf
.- where I km @ SL .32 atmo-cm for C02
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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).
H20:n2r0 A = 0.012 H from Figure 58

WH20

for 03:u0
A = 0.07 u from Figure 58

795%

for N2 0: 0.06 UN2O UN20

A = 0.06 Np0 or A= - 0.22
u 9 5% 0.027 d 9 5 % d 9 5 %

where I km. @ SL = 0.027 Atmo-cm. for N2 0
Calculation Procedure

Step 1:

Use Figures 24-44 to determine w 9 5 %i d9 5%. and Z 9 5 %. This is done

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

transmission line for increments of log k = 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 AH2 0 20 C A0 3 and AN20 from:

SUH2 2

A O= 0.012 eq (21)AHZ w95%

Seq (22)C02 d95

U03

0  = 0.007 3 eq (23)

A 0.22 5 2 0 eq (24)

EXAMPLE 5 rI

* H•0 1.9x 10-4pr. cm.-

uCo2 = 1.07 x 102 atmo-cm.

u03 =2.5 x 10 2atmo-cm".

UN20 = 9.05 x 10.2 atmo-cm.

blow = 10 km. iv-6



Required

Find AH2Op 0 A 0  and AN 0 at A =4.0
F3 2

Solution

At 4.01'

From Figure 27, w 9 5 % = 20 pr. cm.

From Figure 35, d 9 5 % = 32 km for C02

From Figure 39, z95%= "

From Figure 42, d 9 5% =4.2 km. for NO
20

From equations (21 - 24)7
1.9 x 10 4

AM 0.012 -7H2 0 20 1.14 x 102

= 0.0016 1.07 x 10 -3
SC0 32=5.3 x 10

r An" 2.5 x 10 " 2

A =0.007 0 O
03

A = 0.22 9.05x JO_2 4.7 x I0-3
N AN20 4.2 -

2

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

I so the calculated values of low absorption are correct.

SPart (4).- Background Radiation of the AtmosE here, Use Figures I - 49.

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

t It 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, watts/cm 2
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HAk spectral irradiance at the observer over the wavelength interval
(A A) at wavelength (,A ), watts/cm 2 - A A

Q A = spectral radiance of a black body radiator at the temperature of
I ? gas in the ( i th ) layer and over the wavelength increment

(A A ) at wavelength (A ). watts/cm2 - ster. - A A
Ti = temperature of the gas, degrees Kelvin, ( i th ) layer.

A = wavelength, microns.

AX = wavelength increment such that:

logo ( A + AA ) - lOglo ( A ) = 0.01

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

i d = 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
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.

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

Step 4
Determine the atmospheric transmission in the " ( i t h ) infrared path "
at wavelength (A ) as described in Parts (1) and (2) of Section IV.

Determine the values of Q x for each layer of atmosphere using the
methods described under "1 thermal Energy Calculations 11 Part (1) of
Section IV. The ( i th ) layer is within the bounds the infrared path at
the ( i th ) point.

Step6

Determine HA, from:

H = I Ai- Ai eq (25)

If the atmosphere is isothermal for the entire infrared ray extending
from the observer, then equation (25) can be simplified to:
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HA f j Q I A -A- (•) eq (26)

Step 7

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

A 2

[ H= A HA eq (27)

i[ 1

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

EXAMPLE

I Given
h =17.3 km

00 .3°

, o = 10- steradians

Haziness - average

I Required

Find HA at A- 5.00j ,i.e. logl 0 A = 0.70

I Solution

Step 1

Divide the atmosphere into isothermal layers, see Figure 49, and

4 determine their temperature from Figure 20.

Layer 1 2 3 5 6 7

Altitude of
layer bottom 11 km 10 9 8 9 10 11 km

T217°K 2230K 22I 229K 229K 223K 217°K

Step 2
U -.

Determine the geometry of the infrared path.

Path 1 2 3 4 5 6 7

1 ht 11 km 10 9 9 10 11 .

hlow II km 10 9 8 8 8 8

II h = 17.3 km.

hmin = 8.0 km.
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Step _3

To find w, d, and z. From Figures 10 - 14.

Path 1 2 3 4 6 7
cm 30x0 231 2 1.7 o

w, pr. cm 3.0x10 5.3x10 1.27x 10" 1.01 1.08 1.10 1.14

d, km. 5.4 8.6 14.6 52 58 61 67

z,atmo-cm 0.40 0.50 0.60 1.10 120 1.30 2.60

Step 4

To find r A, iA) at logl 0 k = 0.70:

Read transmission versus w, d, or z at log1 0 A = 0.70 in Figures 27, 35,

39, 42, and 45.

Path 1 2 3 4 5 6 7

r H(A) .89 .86 .78 .50 .49 .49 .49
H2

2 C0 1.00 1.00 .99 .958 .954 .953 .950

r 0 .971 .968 .965 .955 .950 .947 .928

r N2 0 (A) 1.00 1.00 1.00 1.00 1.00 1.00 1.00

scat (A) .83 .73 .60 .16 .13 .12 .09

rAi .727 .608 .448 J)73 .058 .053 .039

To find i'k from Figures 46, 47. .1

Layer 1 2 3 4 5 6 7
QA. .3 2 x ij 2 23x1

QA/ Gmax 1.3x10-2 1.8xi0"2 2.3xi0"2 2.8x10" 2 2.1xi0"2 I.Sx10" 1.3xl0" 2

QA 6.9 x 10"5 7.6 x 10-5 8.4x10" 5 9.4x10"5 8.4x10" 5 7.6x10 5 6.9x10" 5

Q i 9.0 x 10-7 1 .37x 10"61.93x10" 6 2 .63x106 L93xO -'6 L37xlO-6 9.0x10-7
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Step 6

To find H4 frrn equation (25),

1 1 2 3 4 5 6 7

S A, 1il 1 .727 .608 .448 .073 .058 .053

.727 .608 .448 .073 .058 .053 .039

FA ( -r ?A. 1 ) .273 .119 .160 .375 .015 .005 .014
_________.0XI0"7 1.37x10 1.93x0 263x10 6 .9 1.3740' 9
Qki(", i-I"'rA, )24 6x107 1.63x10" 3.09x1797 2.89x 1"8 6.85x10"7

7

iX [A,i-1- Ai = 1.75x 1O 6

47
H = ,,A. i r .Ai) 10-4x 1.75 x 1o-6

1 2
An. HA = 1.8 x lo- watts/cm2 -A

[
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TABLE 1

CONCENTRATION OF INFRARED ABSORBING GASES

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

CO2  320 32.0

N' N0 0.27 0.027

CH 4  2.4 0.24

fCO 1.1 0.11

II
These gases all have approximately constant mixing ratios with air versus

altitude between 0 km. and 50 km.

I
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GEOMETRIC RELATIONSHIPS FOR
VARIOUS TYPES OF INFRARED PATHS '

1 R PATH 0i h

TYPE I

t h

h.
homi ht

TYPEf n1
h h*

TYPE MH[i

hmii

Figure 
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TABLE 1

CONCENTRATION OF INFRARED ABSORBING GASES

Gas Concentration, Amount in 1 krn path

parts per million at sea level, atmo-cm.

SI Co2 320 32.0

I N2 0 0.27 0.027

CH 4  2.4 0.24

CI o 1.1 0.11

These gases all have approximately constant mixing ratios with air versus

I [altitude between O km. and 50 km.
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GEOMETRIC RELATIONSHIPS FOR
VARIOUS TYPES OF INFRARED PATHS I

rai I

I R PATH ho ht

TYPE I
h h

!

minl

ho ht

I "' I
TYPE TIT

ht

TYPE Mi

/ h~min a 0 i

Figure I
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APPENDIX A

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

to the Earth is not simple. Thus, Figures 2, 3, and 4 were derived from

the following theory.

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)

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

n = index of refraction of the atmosphere with respect to infrared
radiation.

SP = air pressure at point X, mm Hg
P5 = sea level pressure = 760 mm Hg

R1 = range from point 0 to point X along the infrared path, km.

r = distance between the center of the Earth and point X, kmn.

T =air temperature at point X, 0Kelvin

i T = 273.17°K0
X point on infrared path assuming refraction, see Figure 50.

y= point directly above Point X and laying on a straight line tangent
to the infrared path at point 0, see Figure 50.Sa = angle between a tangent to the infrared beam at point X and a
"line parallel to a tangent to the Earth at point 0.

9 =elevation angle

0 =elevation angle at point 0

.= angle subtended at the Earth's-center and points 0 and X.

A = wavelength

Ah :r A& tan 0 + r (sec A#.1)

AR r A, sec0

r =-J +h
2

S6 + =. +2
By series expansion, (sec&#-l) A &2

Combining terms,

&h ( + h) tan (+a)+.+} &S eq (28)
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I['
&R D( + h) sec (•-+-a eq (29)

From Snell's Law
n+ n. = sec +a.)

n sec 9

When 9 < 80, this reduces to

A n=A A =

From Penndorf, reference 7

I n = I +28797x 10. 8  (:) at A = 2.0 it which is a good aver-
age value for infrared.

From the 1959 ARDC model atmosphere to determine T and P vs. h

-0161x h
n = I + 0.00027299 " 00"'h04 9.5 km.

-0.10611 x h jAn = 0.000028967e" Ah

n = 1 + 0.00027299e ( 0 "1 5 3 5 1 x h +0.44076)

h >. 9.5 km.

An = -0.000041906e('0"15351 x h +0.44076) Ah h

Summarizing the important equations,

Ah = (6,356.77 +h) (tan(@ + a ) +-] eq (28)

AR = (6,356.77 +h) sec ( + a )A* eq (29)

An eq (30)

-0.10611 x h
An = -0.000028967e" x h ; 0, h 4* 9.5 km. eq (31)
An = -0.000041906e(-0"15351 x h +0. 4 4 0 7 6 ) Ah ; h >1 9.5 kmn eq (32)

h = I A h, over the infrared path eq (33)

ER z I AR, " " to eq (34)

a- = I As. of o " eq (35)

* = 0 +e, eq (36)

This summation was done on a Librascope LGP 30 computer to give the date for

Figures 2, 3. and 4.
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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 mrin >7*0

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 = D + 50rkm, see Figure 51D 211

D = radius of Earth = 6356.77 km.

h = altitude, km.

R = range from (h min) to point y, km, see Figure 51.

R 5 0 = range from (hbmin) to point X, kin, see Figure 51. Li
r = range from point X to point y, kin, see Figure 51.

z = h - 50 kn, see Figure 51.
50= elevation angle at point X, degrees, see Figure 51.

0 = elevation angle at point y, degrees, see Figure 51.

W50= angle between OCX, see Figure 51.

50= angle between OCY, see Figure 51.

coo (900 + 0) =-, + r (b +

2 br 0

2 2 50

= - b + ( bV +r2 Z+ b sin 0

2b 2 2

= -b (sinG - 0 " b (sin 9  + z + 2bz
50=,in 1 l (z2+2bz~rZ)

502br

h = z +50

R =R so +r

b D + 50 = 6406.77

2
b =41046701.83
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(- o)=

so~ + 50 i

D 4-
s~n(~- 5 0 )

0=sin'
1  r c on,~

Combining the above equations,

h = -6356.77 + 2 + (R -R 5 0 ) + Zb (R 5 0 ) sin 5 0  eq (37)

R = R -b(sin 0  +bz (sin )Z 2- (h - 50)2 + 2b (h,- 50) eq (38)

(h - 5 -0)2 + 2b(h- 50) (R-R)

50 = sin" eq (39)

r -0+ i- (R - R5 0) Cos 0 ol eq (40)
= @-50+ sin~ h + 6356.77

b = 6406.77 km. eq (41) "

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

etry of any infrared path, regardless of range, with respect to the Earth.

II

VI-6

I II I III --



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

I i tropopause az.d constant mixing 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, Pittsburgh, Washington, D. 1C., 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.

I 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 f or 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 In.

The aesumption of constant mixing ratio in the stratosphere is made due

to data obtained firom reference 10.

Part 2) Co 2

Carbon diozide appears to be uniformly distributed in the atmosphere with
a concentration of 320 parts per million of air, see Table 1. This data was ob-

tained from Goldberg, reference 11.
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Part 3) 03

"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

If 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

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 Mdller, reference 15, state that the mixing ratio is uniform
for N2 0 versus altitude.

Ii Part 5) CH4

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 Mul1er, reference 15, state thatIthe mixing ratio of methane is uniform versus altitude.

Part 6) CO

Carbon monoxide appears to be uniformly distributed in the atmosphere

I with a concentration of 1.1 parts per million according to Shaw, reference 15.
See Table 1.

1
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APPENDIX C

DETERMINATION OF AMOUNTS OF GASES
AND VAPORS IN THE INFRARED PATH Sj

Part 1) Determination of w, d, and z

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 Ill covered methods for determining the ii
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. 11
Figures 5 through 14 were derived in the following manner.

Let: L° = generalized absorption coefficient, see eq (48) {1
n = exponent, varies from 0 to 1.0.

P = pressure

P0  = pressure = 760 mm Hg

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

R = distance (range) of the infrared path, km.

S = total intensity of a spectral line.

T = temperature, degrees Kelvin

To = temperature = 288°K0

u = actual quantity of a gas or vapor

Uh = actual quantity of a gas or vapor per kilometer horizontally at
a Ititude (h).

d = half width of a spectral line

S= half width of spectral line at sea level conditions U
8 = average distance between lines in wavelength region (A).

= wavelength, microns,

r (A)= transmission of a gas at wavelength region (A.) covering at least I
15 spectral lines.

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

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

,(J = f (u, e. a .S) eq (42) U

For small quantities of gases, the transmission reduces to:Su i
1! W I -S eq (43)

VI-10
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For large quantities of gases when the atmospheric pressure is sufficiently low,

r f eq (44)

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

ca'(A f [t~(... ) ] eq (45)

where n vakies from 0 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 (0 ). and the half width

(a ) is a function of the type of gas and the wavelength ( X ) under consideration.

The spectral lines are broadened due to natural broadening. Doppler brorden-

ing, and Lorentz broadening. According to Howard, Burch, and Williams (4),

the half widths (a) for carbon dioxide and water vapor are:

a I a 10- 4 cmI due to natural broadening.

O'D . 10- 3 cm"I due to Doppler broadening.

a L a 10"I cm"I 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 inverselyproportional to the square root of the absolute temperature. Plass. (20) predicts

that even though the Doppler width is considerably larger than the Lorentz width,S~~Su.
the infrared absorption for large values of S u d is determined essentially only
by the Lorentz width. This means that the transmission values of less than 90%.

the Lorenta broadening predominates for altitudes less than 50 km. Therefore,

fl eq (46)

When this equation is combined with equation (45)

P o ' ) 3 eq (47)

where: L 0 ........ eq (48)I n+l
d
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nI
If, q x u o eq (49)

Then, ''-'()a f ILoq] eq(50) i
The problem is therefore to find the value of (q) within the infrared path.

R

( u Oeq (5 1) 1

The pressure and temperature are assumed to be those of the ARDC model at- ii
mosphere. The values of (u) are taken from Table I and Figures 17 and 18.

Figures 5 through 14 were obtained by solution of equation (51) over the infrared
path. Altshuler, (21) has done this previously, but square root pressure broad-

ening., (n = ), 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./S upon absorption. For carbon dioxide

under conditions normally found in the atmosphere, the a 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 Plassm2 0.

The region below the shaded area gives an absorption A2 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 (s.) 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

Zlsasser model above 80% absorption, probably due to clustering of spectral lines, U

see Appendix F. However, this does not affect the foregoing discussion. II
For water vapor, conditions are similar to carbon dioxide, where the s/I

ratio is approximately 0.055 at sea level. Thus n 1.0 for most applications.

VI-12
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For ozone, the a,/ ratio. is approximately 1.1 at sea level. Thus. for U
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.

For nitrous oxide, the a/$ 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. C]

Summarizing:

n = 1.0 for CO 2
n = 1.0 for H2 0 vapor

n = 0.3 for 03

n = 1.0 for N.0

VI
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APPENDIX D
CORRECTION FOR WEATHER CONDITIONS

To correct for existing weather conditions, corrections for w, d. and z
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-

Sjrors based on the assumption that:

Sicorrected q (m odel eq (52)
qh (corrected) "qh (model

Where (q) is the sea level equivalent quantity of a gas, i.e. w, d, or z. Equa-

tion (52) is approximately true if (Ag') and ( ) remain constant for altitudes
near those of the maximum gas concentration in the infrared path. The theory

for weather corrections follows:

Let: C gas = temperature correction factor for (d)

CH 0 = temperature correction factor for (
2

d = sea level equivalent amount of C0 2 , N2 0, CH 4 , and CO.

f = fractional concentration of gas
n = exponent, varies from 0 to 1, see Appendix C

I = pressure (actual)

P m = pressure (model)

= pressure = 760 mm Hg

Ap =P-P

q sea level equivalent quantity of gas in the infrared path, i.e. w,
Sd, or z.

qh sea level equivalent quantity of gas per kilometer horizontal pathlength.

T = temperature (actual) °K

Tm = temperature (model) OK

t TO = temperature = 2280 K
&T =T -Tm
R. H. a relative humidity
a = actual quantity of a gas or vapor.

uh - actual quantity of a gas or vapor in a kilometer horizontal path
length.

Sx = fractional concentration of water vapor at 100% relative humidity
to dry air at 760 nun Hg and at temperature (T)

y = conversion factor - converts units of fractional concentration at
760 mm Hg and 2880 K to units of w, d, or z.

VI-15It
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'i I'

h P 0  TI
h = Y ) 

ePo

n e
qh wUh e tPO

Sn
qh =fto 0) eq (53)

From equation (52) •

q corecte= q odelq. (corrected)

correctedq hoe q(model) !

Combining with equation (53) n

q corrected = q model - eq (54)
ýmodel ~m

Part 1) to Correct (w)

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)o-

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

y z 122.56 f
From Appendix C, n = 1.0 Thus, from equation (53)

wh = (1225.6) ( R.H. ) Ix T 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

+55°C.4 1.345

x 3.80 x 10- 3 a (T-273) eq (5S)

VI-16
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Since n = 1.0, see Appendix C, equation (54) becomes:

W R.H. x eq (56)Wcorrected= Wmodel .,model model

The item in the bracket is only temperature dependent

Let: x o3/

CHO = eq (57)

P + AP + &P

mm

Then, equation (56) becomes

iw ,R . H. eq(7

Wcorrected = (wmodel) x R.H. x I + x--) eq (7)
model model x(

This is equation (7), see Case (a) part 5, Section MI. Values for CH.0 from

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

in Figure 15.

Part 2) To Correct (d)

To convert fractional concentration to equivalent sea level kilimeters,

1
f model

From Appendix C, n = 1.0 Thus, from equation (53)

mode h 1 ) ( rý)/ eq (1

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

f p 2[. 312

dcorrecte zdoded fL. 1i)(i eq (55)

model Pm

Let: Cas = (,) eq (59)

and: I+ A 1 +2 - I +?- & eq (60)
a m, P Pn

m m
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I
AP &P AP

by neglecting higher orders of and letting "r .

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

d P x C eq (8)dcorrected = model 1 +2 gasq
This i model modelL gaarplte

This is equation (8), see Case (a). Part 5 Section MI. Values for Cgas are plotted

in Figure 16.

Part 3) To Correct (z)

From Appendix C. n = 0.3 Thus, from equation (53), and letting uh = U

zh = _ eq (12)

This is equation (12), Case (b), Part 5 Section HII.

Equation (54) also becomes

P 0.
5 corrected = Zmodel "goe 015 -neq (61)

( .3 1 + A ) 03 + 0.3 +0.3 Ap- eq (62)

I-I-0.15[ 1_ T)AT 1 0.15 eq (63)

S) P AT
By neglecting higher orders of -p and'

Combining equations (61), (62), and (63)

Zcorrected model 1+ 0.3 1 0.15 eq (9)
modelIIII

This is equation (9), see Case (a). Part 5 Section IXl. Values for u are normally L
considered the same as for h

VI-18
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V APPENDIX E
CHANGES IN THE ALTITUDE OF TROPOPAUSE AND

THE ALTITUDE OF MAXIMUM OZONE CONCENTRATION

In correcting for the changes in altitude of the tropopause and the maximum

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

hl ,= fictitious altitude

htrop = altitude of tropopause

hmax(03 ) = altitude of maximum ozone concentration.

k kHo = correction factor for water vapor when h' is used.

k03 = correction factor for ozone when h' is used.

SP = pressure

P 0  = 760 mm Hg

T = temperature
TO = 288°0K

0 Z8 0

w' = fictitious value of wh. wv, wh andw.

z = fictitious value of zho Zr, zh -. .D and z.

IPart (1) Changes in Altitude of Tropopause

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

I. The relative humidity is 100% below the tropopause.

2. The inixing ratio i s constant above the tropopause.

3. The temperature at sea level = 288 0K

4. The temperature in the stratosphere remains constant.

5. The lapse rate is -6.5 0 C per kilometer altitude (increasing altitude
sign is +) in the troposphere.

If: ho = h + 11.0 - htrop q(4

h' is used with figures 5 and 6 to get whs then

wh (model) a k H0 • who eq (64)
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I

Values for (cH 0) were found by determining (wh) analytically and comparing those .,,,.

values with htap = 1.0 km. to those with htrap # 11.0 km. This was done for

various altitudes of (h) and (h') where h' = h + 11.0 - htrop' I
Furthermore, it is assumed that

W (model W (model) k

v W1. h 1k 2 eq (65)

for the same values of (h) and (ht ). The errors involved is less than 10%.

Similarly, for any infrared path,

W (model) = kH20 * W' eq (15)

The values for kH 0 are plotted in Figure 22 and equation (15) is given in Case a)

Part 6, Section Ii.

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 - hma(O3) eq (16)

From equation (12)

[ uEj eq (12)

where u = concentration of ozone in a horizontal path.

For 12 km 4 h 4 40 km.

(-~)0.3( 7.0L) 0.15 e= 0060- 0.0921) eq (65ý.)

Equation (650), an empirical equation based on the 1959 ARDC model atmosphere,

see Figures 19 and 20. II

Zh(model) = Umodel [ e(' 0 .0 4 6 0 h +0.0921)]

Z = u' [e(0"0460 "h' +00921)
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Let: zh(model) k 0 Z'h eq (66)

%h(model) u-ode 0.0460(h, h)i'
0 = I -- a eq (67)ke3 h.

Since: umodel = u1

From equations (67) and (51), it is apparent that:

k - * 0.0460(h' - h) . zh (model)

03 
5 h Z-

T Since (h' - h) = 23.0 - hmax(0 : constant, equation (16)

Therefore: 
mxO3

Zmodel = z' k0  eq (17)

[ And:

S03 = a 0.0460(h' - h) = • 0.0460(23.0 - hmax(0 3 ) eq (68)

The values of k0 are plotted in Figure 23 and equation (17) is given in Case b)
I Part 6. Section in.
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APPENDDX F

TRANSMISSION OF INFRARED
THROUGH GASES AND VAPORS

The transmission of infrared through various gases, as a function of wave- fl
length, is a complex function of spectral line intensity, line half width, average

spac'ing between lines, and the distribution of the lines with respect to each

other. Elsasser, (17) Goody" (18) King. (19) and Plass, (2 0 ) 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:

Let: L = generalized absorption coefficient, see equation (48), a functionof (.A)

L = generalized absorption coefficient, see equation (69), a functionof(A,)

n = exponent, varies from 0 to 1.0

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

S = total intensity of a spectral line, a function of (A :
u = actual quantity of a gas or vapor

a = half width of a spectral line

a = half widh of a spectral line at sea level conditions, i. e. 760 mm Hg
3 aond 288 K

P = defined in equation (73)5 I
8 = average distance between lines in wavelength region (A)

= wavelength, microns

r = transmission

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

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

where n varies from 0 to 1.0

If: eq (48)
dn +1

( ).oq eq (50)

VI-22

__ ul ll



Similarly, if:
H wS•s

L W-S- eq (69)n+l

d

(A)= f [Lu] eq (70)

Thus, the transmission is a function of (Loq), and vice versa.

Lo q : [r(X) : Lu eq (71)

jilog L0 + log, 0 q l g 1 r (A)) log 1 0 L+ log 0 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 ( q ) Figures 24 - 45 -were developed in

[ such a manner.

In order to determine the function g [r (A)]. it can be seen from. oquations

1 (48) and (50) that:
U Sa0...Lo= 0 eq (48)

and
rn (A)= f (L9q) 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 absooptios
gas. However, (n) is a function of (S), (q), (a.), and (B ). TranemiSi

therefore are a function of (A ), (n), and (q) for a given gas. In order to

the problem, (n) is assumed tor remain constant. Then for a given g.a. [*
is only a function of (q) and ( ). The errors in making such an &.so ...
presented in Table 2. The tale shows the values of transmission who." *
ference is maidmun between the "model", used in Figures 24- 44, and the..
"actual" trknomission as predicted by Plasm, (20) Plasm shows the variation .1
transmissioh as a function of ( 1) and ( r ) as well as variations between the

Elsasser, the Goody, and the Plasm models of a spectral line distribution.
P u eaq (73)
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i ,I
TABLE 2

DESCRIPTION H2 0 CO2  03 N 0[

2 3

Type of model Goody Exp. #1 Elsasser Elsasser

8 (cm 1 at STP)* 2.0 1.5 0.09 0.84

j a (cm 1 at STP)* 0.11 0.06 0.1 0.14

Band 6 .3 p 4.3 9.6 F 17P
rotation 7.8J1

2 0.35 0.25 6.9 1.1

0 kmn. r (modelf 84% 93% 83% 20% 83% 20%

altitude r (actual)t 90% 93% 93% 7% 93% 13%

1 t (model)t 96.3% 93% 83% 20% 83% 20%| l10km. I
altitude I r (actual)t 97.8% 89% 92% 8% 87% 14%

20km. r (modelf 99.35% 93% 83% 20% 83% 20%
altitude I (actual9 99.60% 88% 86% 17% 84% 19%

30 km. I r (model) 99.92% 93% 83% 20% 83% 20%
altitude I r (actual9 99.95% 88% 84% 19% 83% 20% j

*Values of a. and 8 were taken from Curtis and Goody, reference 34 for H2 0, 038 1
and N.0. For CO2 . they were taken from Howard, Burch, and Williams, reference
4.

t 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 H2 0, 03. and N.0. 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. V-
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It has just been seen that (L ) is only a function of (A) and the type of

J !gas considered, and that ( 1 ( )1 is ;a function of'(L oq). The methods described
in Section MI were used to determine (q). The values of (Lo) were found from

[1the sources described in Table 3. The transmission functions, described as

"type of model" in Table Z,. will be covered for each gas in Parts (1) - (4) as

Iifollows. Part (5) will cover the absorption laws for overlapping bands and the
justification of equation (18) in Part (1), SectionWIV. Part (6) covers the mole-

[cular absorption of infrared by small quantities of gases and vapors.

TABLE 3
Gas or p

Vapo: A V I. T m , q Abf

CO2 tme-ca Atmo-€•r
1.3-1.7 6000-7000 760 50.0 777 295 6100 0.80 6200 4

1.8-2.1 4600-5400 760 50.0 777 295 8630 0.78 8700 4

2.5-3.1 3500-3700 737 !.0 738 295 22 0.86 21 4

S2.5-3.1 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 0.11 4

4.0-5.4 1800-2500 734 9.8 737 295 1043 0.80 1018 4

9.0-11 910-1100 760 608 942 295 5600 0.80 6550 24

9.0-11 910-1100 6080 6080 7900 295 8000 0.27 IS,100 2s

12-19 550-850 750 0.25 750 295 3 0.88 2.9 4

12-19 550-850 745 4.0 746 295 173 0.58 169 4

SH20 p r.o c ma . pr.#:cS*.

* 1.0-1.05 95-10,000

I 1.05-1.2 5200-9500 740 295 3 0.42 2.9 4

1.05-2.2 4600-9500 740 295 50 0.60 49 .4I 1.05-2.3 4600-9500 740 295 0.05 0.60 0.049 4
1.2 -2.2 4600,8250 740 29S 0.71 0.60 0.70 4

2 .3-3.6 o00-4400 740 16.3 821 295 1.68 0.62 1.75 4

2.3 -3,6 2400-4400 740 16.3 821 295 0.140 0.62 0.147 4
%2.3 4.6 p600.4400 740 2 750 2925 .017 0.62 9.017

S,3.65-4." |200-4100

4.5 -9.1 100-2200 746 29S 1.03 0.60 1.02 4

1 4.S -9.1 1100-2200 746 295 0.047 0.60 0.046 4
4.5 -9.1 100-2200 123 2.5 136 295 0.021 0.70 04006 4

** 9.1 .13 100-770 760 291 4.18 1.0 4.18 i(vum70)
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TABLE 3

Gasor • P p P T - n 4 Ref
Vapor 10 ___. 0 -. cm.

"THIi 9.Y1-i7 11002770 6 85 6.7 1.0 (.7 1(r4n 61)

** 9.1-13 1100-770 760 298 0,57 1.0 0.57 l(run 60)

1 13-16 625-770

* 16-20 500-625 760 298 0.57 1.0 0.57 l(run 60)

20-30 333-500 606 4.0 626 290 0.074 1.0 0.061 5

20-30 333-500 600 1.6 608 290 0.0325 1.0. Q.026 5

20-30 333-600 590 0.2 591 290 0.0050 1.0 0.0039 5

30-40 Z50-333 600.15 604 Z83 0.000318 1.0 0.00o5s 5

40-350I 4-250 760 293 0.0104 1.0 0.0103 26 1[SGas. t atmo-cmn, 0 atmo-cm.

1. 0
4,4-5.1 1960-2270 230 230 370 295 9.08 0.3 7.38 27,28

8.0-9.3 1075-1250 160 160 257 295 6.32 0.3 4.58 27

,* 9.3-10.2 980-1075 0.31 0.13 29

12.0-16.5 606-833 160 160 257 295 6.32 0.3 4.58 27

Na0 atmo-cm. atmo-cm.

,t, 3.8-4.1 2240-2630 0.062 30,31

4324-4.36 2290-2360 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 0.7 0.0100 6

7.6 -8.1 1235-1315 100 100 112 288 0.79 0.8 0.17 33

6.5 -9.1 1100-1175 240 240 269 288 1.9 0.8 0.83 33

16.0-18.€ 555-625 160 160 179 288 5.5 0.8 1.73 33

The atmospheric scattering was taken from reference 1.

* Curve war estimated to fit the transmission at the extremities of the waver- U
length interval

*4 The transmission was determined by correcting for scattering using a X
scattering coefficient a 0.03/km.

*4* The same vertical osone distribution as the model was assumed. Thus,
from Figures 9 and 18:

4 0.098 .0426
d u 0.229 U

*4*4 The value of n 0.062 atmo-cm. was obtained by matching the transmis-
sjon of the 4. I p band of N 0 from reference 30 with that obtained from j
reference 6. The magnitui& of the transmission of the 3.8 - 4.1 p band
of NO0 was obtained from reference 30 while details of the shape of the
tranimission curve comes from reference 31.
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TABLE 3

t Pe P + 0.3p for CO2 from Burch, (6)

• P + Sp for H_0 from Burch .(6)

Pc = P + 0.6 Ip for 03 from Walshaw, (23)

P = P + 0.1 2p for N2 0 from Burch, (6)

tt 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

j p = partial pressure, mm Hg

P = total pressure, mm Hg

I P0 = 760 mm Hg

P = effective pressure, mm Hg

q = equivalent quantity of gas corrected to sea Vevel conditions, i.e.
pressure = 760 mm Hg, temperature = 288 K

T = absolute temperature. degrees Kelvin. Room temperature is as-
s umed to be 295-K

T = sea level temperature = 2880K

u = actual quantity of gas from which spectral measurements were
made.

X = Wavelength.- microns

I = : frequency - cm

= u ti T eq (49)I0
IPart (1) COZ

In order to obtain the transmission function of carbon dioxide, data from

Howard, Burch, and Williams, (4) was analysed. The absorption within a nar-

row wavelength interval could be plotted versus the logarithm of various values

ji 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-

I~t 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

4 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 with n u 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 was 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-

lit 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 par&-

f HJ 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 #I. 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) H2 0 Vapor

In Figures 24 - 31, the transmission function was assumed to obey the Goody

nmodel. This model states:

r(I ) = e [(Loq) 1/1 ] 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, I applied

the Goody model to their water vapor data at the 2.7 p and 3.2 i bands. 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, as was the case with carbon dioxide.
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33Part (3) 03 1
In Figures 39-41, the transmission function was assumed to obey the

Elsasser model. This model states:I/2

r ()1 - erf [(Loq) ] eq (75)
iwhere: .t2

w eern ( x ) e• dt

w According to Curtis and Goody they suggest the use of the Goody model

with the 9.6o band of ozone. However, since (P , 7) at sea level and (P - 0.3)

-atCh* 23 kin), the absorption versus (Loq) is steeper than that of thej

Goody model where ( = 0) for the useful transmission range, see Plass, (20)

The Elsasser model is also steeper than the Goody model at (• = 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 "Imbdel" for var-

ious altitudes.

Part (4) N2(0

In~igures 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 p and 17is band of nitrous oxide. Table 2

shown how the "actual" transmission varies from that of the "model" for va.r-
ious altitudes.

Part (5) Absorption Laws for Overlapping Bands

Equation (18), Part (1) of Section IV states:

,A [H 2 0 (a,)] x[?c02,)] x[r 0 (Jt)Ix ['N 0 (z)] x [fscat(k)] eq (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-
forred an experiment which proves the validity of equation (18) for the overlapping f

formd a exerient hic prves VI-.34



bands of carbon dioxide and water vapor in the 2.7p region.

Part (6) Molecular Absorption of Infrared by Small Quantities of Games andVapors.

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

=Su +I S eq (43)

where: A(A) ( absorption

Since the actual transmission of small quantities of gases at sea level willI deviate from the models used in Figures 24-44. corrections must be made.t:o

determine the actual value of (Sr) when ( r (? ) = 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.js t: B r = spectral radiance of target, watts/cm 2 - ster. - I 4
C1  = 3.74 x 1 04 watts/cm2 - micron

C2  = 1.439 x 10 micron degrees

ma = spectral radiance of target over the wavelength increment ( -&),

watts/cm2 - ster. - A A
Q~ aX-- maximurm spectral radiance of target over the wavelength incre-

m ment (&A ), watts/cm2 - ster. - AX
T = temperature of target, K

X = wavelength - microns
X = wavelength at QA microns

max max

AX = wavelength increment such that:

logl 0 (A +&A) - logl 0 (A)= 0.01

log, 0 (X) - loge A

(1g 0 k 2.50 e

2 .30 X.)& (log1 0 X-) a2.30 X log10 (k +&A) log 10 (A

AX = 2.30 A x 0.01 = 0.0230h,

= BrAX by definition. T-

Qh = 0.0230 X BrA eq (19)

In order to find Q . .and A x Li
max max

From reference 37: B1 A1,_-5 _

B rC2 /

Combining this with equation (19)

VI-36
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.4
0.0230 C A

SQA - eq (77)
f C2/A' T -1C

Differentiating equation (77) so that

d Q A -d Qd( )L-
2Z/ AT (2-4)+4 =0

AT

[ Solving for A = nmax

STA =3670 micron degrees eq (78)

Substituting equation (78) into equation (77)

a• = 0.0303 (1T eq (79)
X.ax 10

Figure 46 and Template B were constructed from equations (77) and (78).I ! Figure 47 was constructed from equation (79).

1!
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APPENDIX H

BACKGROUND RADIATION OF THE ATMOSPHERE

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

Let: HA = spectral irradiance at the observer over the wavelength interval
(A A ). at wavelength ( A ), watts/cm 2

- A A LI
J4 = spectral irradiance at the observer at (A )/
k = absorption coefficient o

Q = spectral radiance of a black body radiator at the temperature of
gas in the (ith) layer and oveý the wavelength increment ( A A)
at wavelength ( X ), watts/cm - ster. - AA

Ti temperature of the gas in the (ith} layer, Ox

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

Fig=tepeaure oftegsinte9t. ae.h

I = wavelength, microns.

&A = wavelength increment such that: .I

logl 0 (A + AA lOglo0 (A) =0.01

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

= solid angle measured from the observer, steradians.

subscripts H 20. C02, 03' and N2 0 refer to the gases.

Let (d JA ) be the incremental amount of irradiance received by the observer,

which was radiated by a wafer of sky at wavelength ( ). The wavelength interval

(dA ) of (JA ) is considered to be sufficiently small, much smaller than the half

width of a spectral line. Then,

d-ku )(kd )

where: ku Uka 0 + k u + k u0  + kN0 UN0 Ii

1i~ H C 2  CO 03 3 2 2

And: (e"ku ) is the transmission of the atmosphere in wavelength interval (d A ) J%

And: (kdu) is the emissivity of the wafer of sky, see Figure 58.

J ' -k) LI
&-]U I i-I
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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

( A ), at wavelength ( A ), watts/cmz - AA 1
JA = spectral irradiance at the observer at (A,)

Qk, i = spectral radiance of a black body radiator at the temperature of
gas in the (ith) layer and over the wavelength increment ( A A)

at wavelength (A). watts/cm - ster. - AA

T i = temperature of the gas in the (ith) layer, K

quantity of gas between a wafer in the sky and the observer, seeIi Figure 59. !

A = wavelength, microns.

A, =wavelength increment such that: U
logl 0 (A + AA x- logl 0 (A) 0.01

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

=solid angle measured from the observer, steradians.

subscripts H2 0, CO2 0 0 3 and N2 0 refer to the gases.

Let (d 3JA ) be the increm.ental amount of irradiance received by the observer,

which was radiated by a wafer of sky at wavelength (A). The wavelength interval

(dA ) of (JA) is considered to be sufficiently small, much smaller than the half

width of a spectral line. Then,

dJ = (Axkl e-ku )(kdu)

where: ku -kH0 +kC0 UCOk + k0 u0  + kN0 1 N0

And: (e"Ira) is -the transmission of the atmosphere in wavelength interval (d A ) %

And: (kdu) is the emissivity of the wafer of sky, see Figure 58.n u]
.1 0A ' I ( (kdu)
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n-

Oki•, ,,o,., -kok
jul

HA- " kui }

A dA d

HA,0{ (e1 kUi-) dA - (e ) dAJ
I A A

But: ,A(h)= .A- f (e.) dA by definition
A A

STherefore, nI;TeeoeHA ME QA x ITA,i- I ( A) - r.As i( k) eq (25)

I zI1

if U the temperature of the sky being viewed is isothermal, equation (25) reduces

to:,

HA z 1 - rA( eq (26)

fII equations (25) and (26) are found in Part (3) of Section IV.

U
Figure 59

VI-39



REFERENCES

1. Hi W. Yates and J. H. Taylor. "Infrared Transmission of the Atmosphere."
NRL Report 5453, June 8, 1960.

2. F. E. Elliott and T. L. Altshuler, "Transmission of Infrared Through Cloudy
Atmospheres, " General Electric Co. TIS R 60 ELC 16.

3. T. Altshuler, "Atmospheric Transmission of Infrared," General Electric Co.
TIS RS9 ELC 115

4. J. N. Howard, D. E. Burch, and D. Williams, "Near Infrared Transmission
Through Synthetic Atmospheres," Geophys. Res. Paper No. 40, AFCRC;
November, 1955.

5. C. H. Palmer, "Water Vapor Spectra with Pressure Broadening," J. Opt.
Soc. Am., vol 47, p 1024 (1957)

6. D. E. Burch, private communication.

7. R. Penndorf, "Tables of the Refractive Index for Standard Air and the Ray-
leigh Scattering Coefficient for the Spectral Region between 0.2 and Z0.04.(
and Their Application to Atmospheric Optics." 7J. Opt. Soc. Am., vol 4 ,
p 176 (1957)

8. G. E. Martin, "Tables of Atmospheric Precipitable Water for Horizontal
Paths,"1 U.S. Naval Avionics Facility publication NAFI - TP - 33, Sep-
tember 1957.

9. The News Information Bureau 6th Annual Edition of the Weather Almanac
1959.

10. Wright Air Development Center, Tech. Report 54, 581, Dayton. Ohio,
AD S4-347 (19S4)

11. L. Goldberg, Amer. J. of Physics, vol 23, p 203, 1955.

12. L. E. Miller, "Handbook of Geophysics for Air Force Designers, " Chapter
8, published by Geophysics Research Directorate, Air Force Cambridge
Research Center, Bedford, Mass. 1957.

13. J. H. Taylor and H. W. Yates, "Infrared Evidence for Atmospheric Ozone
at Sea Level," J. Opt. Soc. Am., vol 46, p 998 (1956).

14. J., W. Birkeland and J. H. Shaw, "Abundance of Nittofos Oxide in Ground-
Level Air," J. Opt. Soc. Am., Vol. 49, p 637 (1959)

15. L. Goldberg and E. A. Muller, J.. Opt. Soc. Am., Vol. 43, p 1033 (1953)

16. J., H. Shaw, "A Determination of the Abundance of Nitrous Oxide, Carbon
Monoxide, and Methane in Ground Level Air at Several Locations Near
Columbus, Ohio, " ArCRC Geophysics Res.archDirectorate report on
Contract No. AF 19 (604) - 2259, June 1959.

17. W. M. Zlsasser, "Heat Transfer by Infrared Radiation in the Atmosphere,"4 Harvard Meteorological Series No. 6 (1942).

18. R. M. Goody, "A Statistical Model for Water-Vapor Absorption," Quart.
3J' Royal Meteorol. Soc., vol 78, p 165 (1952)

W 19. I.1r. King, j. Opt. Soc. Am., vol 47, p 1054; 1957

20. G. N. Pleas, "Models for Spectral-Band Absorption," J. of Opt. Soc. Am.,
Vol. 48, p 690 (1958).

SVI-
lIY __



21. T. L. Altuhuler, "A Procedure for Calculation of Atmospheric Tranislou
of Infrared," General Electric Co. TIS 17TELCI 15, May 19"7.

22. Re 001. Carpenter, Baird-Atomic Inc., Caubridge. Mass., Scientlfc
Report 1, Contract Ar 19 (604) 2405; N4ovember 197.

23. C. D. Walshaw, Quart. J. Royal Meteorological Soc. Volume 6a, p 315.
(1957).

24. Z. T. Barker and A. Adel, "Resolution of Two Difference Bands of CO2  [1
Near L."., Phye, Rev., Vol. 44, p 105 (1933).

25. ýC. Schaefer and 3. Phillips, "The Absorption Spectrum of Carbon Dioxide
and the Shape of the CO2 Molecule," s.f. Physik. Vol. 36. p 641 (1926).

26. N. G. Yar6slaveky and A. E. Stanevich, "The Long Wavelength Infrared
Spectrum of B60 Vapor and the Absorption Spectrum of Atmospheric Air
in the Region 'D-Z300g(S0O - 4 cm ) )" Optics and Spectroscopy, Vol. 7,
p 38O (1959).

27. 0. Hotner R.. Pohlman, and H. J. Schumacher, "The Structure of the
Osone Molecule and its Spectrum in the Infrared"* s.f. Physik, Vol. 91, 3

p 372 (1934).

28. H. S. Gutowsky and Z. M. Petersen, "The Infra-Red Spectrum and Struc-
ture of Scone, " j. of Chem. Phys., Vol. 18, p 564 (1950).

29. J. Strong, "On a New Method of Measuring the Mean Height of the Osone
lathe Atmosphere," J. Franklin Inst., Vol. 231, P 121 (1941).

30. C. W. Allen, "Astrophysical Quantities, " p 117-119, published by Univer-
sity of London - The Athlone Press 1955.

31. J. H. Shaw, G. B. t. M. Sutherland, and T. W. Wormell, "Nitrous
Oxide in the Earth's Atmosphere," Phys. Rev., Vol. 74, p 976 (1948).

32. S. A. Clough, D1. . McCarthy, J. N. Howard, "4014 Band of Nitrous
Oxide," J. Chem. Phys., Vol. 30, p 1359 (1959).

33. Z. K. PLyler and. . F. Barker, Phys. Rev.Vol. 38, p 1827 (1931)

34. A. R. Curtis and R. M. Goody, 'Spectral Line Shape and its Effect on
Atmospheric Transmission," Quart, J. Roy. Meteorol. Soc., Vol. 80,
p 58 (1954).

35. J. N. Howard, D. Z. Burch, and D. Williams, 'Near Infrared Transmis-
# ion Through Syntbetic Atmospheres IV. Application of Theoretical Band
Modele, " J. of Opt. Soc. Am., Vol. 46, p 334, (19356).

36. D. M lBurch,' J. N. Howard, and D. Williams, "Infrared Transmission of
Synthetic Atmospheres. V. Absorption Laws for Overlapping Bands,"
J. o Opt. Sec. Am., Vol. 46, p 452, (1956).

37. "Opticalu Z eoering mandbook" Section II, p 44-45, Dr. j. A. Mauro,
*i4or, Ipub lebed by General Electric Co., Schenectady (19"7)

36. D, N. Vachon, private cimmunication.

i_,

pal.



b .-q me v Fno 40

Spectral Redialce, of a

Black Body vs Wavelength

max
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