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ABSTRACT

The quantitative interpretation of infrared sunset spectra in
terms of mixing ratio profiles of atmospheric constituents requires a
detailed consideration of the airmass and pressure distribution along the
sunset ray. A computer program has been developed for determining the
airmass and pressure distribution along this ray. Since infrared absorp-
tions are pressure-dependent, a technique has been developed for treating
this pressure dependence in analyzing absorption over such paths. The
technique ‘uses an approximation which maintains computational accuracy
for such paths while reducing the computer time required for the calcula-
tions.

The interpretation of such spectra is further complicated if the
concentration of the constituent of interest varies with solar zenith angle
(e. g.NO). Calculations were performed using time-varying profiles for

NO and NO2
. These calculations show that , if this time variability is not

taken into account, the inferred profiles are greatly in error in the case
of NO and marginally in error for NO2. ~~ccession For
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I. Introduction

A powerful infrared technique for the detection of trace consti-

tuents is to observe atmospheric transmission spectra from an airborne

platform using the sun as a source. The sensitivity of the technique

is enhanced by obtaining the spectra at solar zenith angles >900

(sunrise or sunset). In fact , within the last decade , seve ral trace

constituents have been measured in the lower stratosphere by thia

technique: i. e., HNO~ , NO2, NO, HC1, HF, CF2C12, CFC13 and

CCI4.

The quantitative derivation of mixing ratio altitude profiles

from sunset solar spectra requires a detailed cons ideration of the

geometry of the optical path through the atmosphere , including the

effect of atmospheric refraction.

The problem is further complicated by the fact that infrared

absorptions depend on the pressure and temperature environment of

the molecular species responsible for the absorption In addition

when obtaining profile data by analyzing spectra obtained at solar

zenith angles greater than 900, it Is generally assumed that the

altitude distribution of the constituent of interest does not change with

the time and geographic location of the optical path during the time

required to obtain the spectra. However , these assumptions are not
O valid for photochenilcally-active species (e. g .,  NO). The objective

of this program has been to investigate the importance of these effects

O in the analysis of sunset solar spectra. Computer programs have

been developed that accurately determine the airmass traversed by

solar radiation in each portion of the optical path. In addition, a

technique has been developed for including the pressure and tempe rature

dependences of the absorption that does not use an excessive amount

of computer time. Finally, these programs have been used , along

with time-dependent profiles for NO and NO2, to investigate the errors
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in the profiles which are introduced when time dependence is not a

pa rt of the spectral analysis. The time-d ependent profiles were supplied

by Dr. Megill. of Utah State University under sub-contract. Detailed

discussions of the various aspects of the problem, which are summar-

ized here , have been presented in reports issued during the program,

and are listed below.

II. Airmass Distributions

The geometry for the problem of low sunset data is shown

in Figure 1. The major point of interest is that the concent ration

along the path of a photochemicaily-active constituent is quite different

from the sun to the tangent point (minimum altitude) than it is from

the platform to the tangent point , since the solar flux is different on

the two sides. The airmass distribution along a sunset path is derived

using a ray-tracing program described in detail in previous reports

[Snider and Goldman, 1975; Snider, 1975]. Calculations were pe rformed

using, as input , a standard midlatitude summer atmosphere [Mc clatchey

et at . , 1972) and 5~in as the wavelength of interest. Typical results
O of such airrnass and accumulated airmass calculations are shown in

Figures 2 through 5, for an observe r at 30 km and apparent zenith

angles of 92° and 94°. Calculations for other altitudes and zenith

angles were also performed and these figures and tables are included

in Goldman et al. [1977]. Table I is an example which shows the

results in tabular form of such a calculation for 30 km and 94°. The

tabulated effective pressure, P ff s and effective temperature,

are average values over the 1 km shells used in the program as

p = I ~ dm and T = I Tdelf elf (1)

f dm fdm

where dzn is the differential airmass.

2
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The integrands for these experiments are given in the tables as

DEL(P-DM) and DEL(T-DM) and the airmass inc rements are listed

as DEL(DM). The values are given for the two sides of the path:

from the tangent point to the observer and from the tangent point

toward the sun. The angle given is the zenith angle at the intersection

of the path and the bounda ry of the shell. Finally, the geometrical

path and airmass are given as ACCUM DEL(PATH) and ACCUM DEL(DM).

ill. Interpretation of Infrared Sunset Solar Spectra

A. Weak line approximation

Denote the observed integrated absorption at different apparent

zenith angles z 1, z2, . . .,  by A 1, A 2, ..., for a given observer

altitude, h
1
. Without a loss of generality, assume that is an

integer km altitude. For simplicity of the discussion, the weak

line approximation is assumed, so that the integrated absorption, A,
1 -l Z

is given by A(cm ) S(cm /molecule cm ) U (molecule/cm ),

where S is the integrated line intensity and U is the absorber amount.

The airmass distribution tables [Table I here and those in Goldman

et al. , 1977] give atmospheric amounts U as MU where M is the

tabulated airmass , and U =  I airmass 2. 153 x l0~~ moleculelcm2.

Trace constituent amounts are described by flU where $ is the gas volume
mixing ratio.

The tables are used for a layer-by-layer derivation of a minor
0 

constituent altitude profile in the following way. The atmosphere is

divided into even 1 km shells, although Figure 1 shows 2 km shells

for graphic simplicity. The 1 km shells listed In the tables can be

accumulated over two or more km as required. Starting with the

first path and z 1 > 900 (required to observe the weak absorption of

the trace constituent), a constant mixing ratio, can be derived

9
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for the atmosphere above H . of the path according tomm

A 1
~ 1 SU M (2)

o l

where M1 is the total airmass along path 1. This will be con-
sidered as the mixing ratio for layer 1, between h1 and h2, as well
as for the residual atmosphere above h 1 in the sun direction. It
should be noted that H . can obviously fall between the even kmmm
boundaries , so that h2 will be the same altitude as Hmi~ or the next
nearest even kin below it. Subsequent inner layer boundaries are

defined by the minimum altitudes of the corresponding zenith angles ,
so that a layer can include more than 1 shell with increasing

zenith angle. For example, with the observer at 30 km, the layer
. 0 O~~defined by z = 92 and z = 93 includes five 1 km shells. This is

shown as Layer 3 on Figure 1.

A mixing altitude profile is then derived by the successive

equations:

- 

A~ - 
~~~~~~~ 

~~~~~~~~~(n) ~ (n) 
, n*2, 3... - (3)

- 

SUOMf l M.l
(
~~

Here , $ is the constant mixing ratio for the layer defined by
to h~~ 1~ the even km boundary below 

~~~~~~~~~~ 
Mk k+l 

(n) 
is the

portion of the airmass between altitudes h.K and for path n. The
uppe r index n denotes the different paths for a given observe r altitude.
The values are those tabulated in the airmass distribution
tables every 1 kin, accumulated over the proper layers. In Eq. (3)
the summation in the numerator represents the correction to A~ due to
the absorptions in the outer layers , as each one is crossed twice. A

10
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smaller correction Is ~ (n) 
= $ SU M , where M is the residual1 o r  r

airinass outside h1 in the sun direction. The inner layer n is crossed
(n)

once, but its airmass is twice that from H to hmm n-i
The corrections to A are by no means negligible. However ,

a commonly used approximation is to neglect these corrections in

0 
the numerator and replace Mn n+l~~~ 

In the denominator by M , the

total airmass along path n , and assign the resulting mixing ratio,

S U M  
(4)

o n

to or a small altitude range above it. This approximation is

motivated by the fact that a significant portion of the total airmass

along the path is indeed concentrated near H in• It can be a good

approximation only if the effect of neglected corrections in the numera-

tor are compensated for by the ratio M / M  
~~ 

(n) so that

(A~ - 2SU PkMk, k+l - ~ (n) 
) 

M (n) A
- n, i*l

Examination of the airmass distribution tables shows that for

many practical cases , this approximation can lead to errors from 5%

0 
to a factor of 5.

Another commonly used approximation is to consider the absorp-

tion diffe rence , An - A 1 , and the corresponding total airmass difference ,

M~ - M~ _ 1 , so that $ is approximated by

A - An n-i (5)
n ( M - M  )SUn n— i o

11
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and assigned to ~~~~~~~ as in the previous approximation. Thts

approximation can be quite good if both A ~‘ A 1 and M ) M 1,

but in many practical cases A 
~ 

An_ i  and M is not very large

compared to M 1, unless z ~ 940 A combination of these conditions

can result in a very large error.

B. General Case

The layer-by-layer method described above can be extended

to a more general line-by-line layer-by-layer calculation over a

spectral interval of non-weak ove rlapping lines. This can be done by

an extension of the method presented by Goldman et ai. [1973a;

l 973b], to be referred to hereafter as I and II. The extension —

0 presented he re is for both small and large zenith angles.

The mixing ratio is derived by fitting the theoretical line-by-line

integrated absorption to the measured value for successive atmospheric

layers , starting from the uppermost layer. For each ray path,

except fo r the fi rst one , the equat ions used involve only two successive

layers , but with an adjustment for the changing direction of the path.
For high sun , as occurs for example during . balloon ascent , the adjust-

ment is based upon the secant of the zenith angles of the diffe rent rays.

For low sun , as occurs in sunset observations from balloon float
altitude , the adjustment is based upon the actual airmass distribution

along each path. in both cases , the contribution from all layers along

the path is taken into account.

I. High Sun

F The geometry for high sun data is shown In Figure 6, assuming

that atmospheric curvature and refraction are negligible. The balloon

altitude H 1, . . .  ‘~ ‘N corresponding to specific measurements, are
shown on one radial line , and the zenith angles 9

~
, ‘9N Increase

(in this case) with altitude. At each altitude , H , a ray n intersects

12
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Fig. 6. Sola r ray paths for absorption measurements made for
high sun at different altitudes during balloon ascent.
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the radial line through the balloon position at an angle of 9 ;  H0
represents the uppermost altitude of the atmosphere. In addition to

the notation discussed in I and II, a gas amount matrix U(n , j) Is

introduced here which denotes the gas amount (say in molecules /cm2)

in layer j, between H . and H . 1  along the line of sight n from an

altitude H .  The monochromatic absorption coefficients , kjj), are

calculated once for each laye r using the effective tempterature and

pressure (as in I and II).

For the first path from H 1 at a one-layer (from H1 to H0
)

monochromatic absorption is assumed according to

-k~~(l)U( i i)
A 1(v, H 1) 1 - e , (6)

where k ( 1 ) is the absorption coefficient at frequency V. accumulated

from the individual absorbing lines (the first layer). U(l , 1) is the

gas amount in the first layer to be found by the iteration scheme

(as in I and Ii). For path 2, U(i , 1) is reslanted according to

U(2 , 1) = U(1, 1) sec 92 / sec 01 ‘ (7)

and the absorption in Eq. (6) is recalculated with this new gas amount

and denoted by A 2(v, H1), the absorption in layer 1 along path 2. The

absorption equation for path 2 is given by

-k,,(2)U(2 , 2) -k~ (2)U(2 . 2)
A 2 (v , H2 ) = [1-e ] + A2 (V ,H 1 ) e , (8)

and the ite ration procedure derives U(2 , 2). Similarly, for path 3 the

two previous gas amounts are reslanted to de rive U(3, 3). In general,

for path n from altitude H at 0 , the previous (n-i )  gas amounts are

reslanted according to

14
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U(n ,j) = U(j , j )  sec 0 /sec 9. for j  = l , . . . , n — l  , (9)

with which A ( v , H 1) Is calculated. The absorption equation for path -
‘

n i s

-k (n)U(n , n) -k (n)U (n , n)
A Q4H ) = [1-c ~ ] + An(V,Hn_ i )e 

1/ 
, (10)

for n

A ( v , H 1) is the absorption of layer n-i along path n. U(n , n) is

the gas amount in layer n derived successively. Note that afte r

the corrections for the different lines of sight have been made with

Eq. (9), Eq. (10) involves only two consecutive layers (as in I and II).

2. Low Sun

The geometry for low sun data , where both the atmospheric

curvature and refraction have to be taken Into account, is shown (with

distorted spherical scale ) in Figure 7. Here, the balloon is at constant

float altitude (H 1) and each successive low sun path defines a new,

deeper layer , between two consecutive minimum altitudes.

The formulation used above for high sun data can be used for

low sun data provided that 1) the actual airmass distributions along

the paths are used instead of the sec 9 factor., and 2) a single

effective pressure value can be assigned to each layer (see below).

Figure 7 shows the first path, which is above the horizon and

denoted by ray 0, defining the first layer , layer 0, between H 1 and

H0 (the top of the atmosphere) with the total airmass along the path

denoted as M(O , 0). This can be used to derive the corresponding

gas amount U(O , O). The second path, ray 1, passes below the horizon ,

definin g the first Inner layer from H2 ( H ~~
1
~ ) to H 1 ( H  observer)

with the corresponding airmasses 2M(1 , 1) and M(i , 0). The factor of

2 is included since In the figure only one-half of the path through

15
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layer 1 is indicated as M(1, 1). U(l , 0), the gas amount between H0
and H 1 along ray 1, replaces U(0 , O) according to

U(I , 0) = U(0 , 0)M( 1, 0)IM(0 , 0)

Substituting into

-kJO)U(1 , 0)
A2 (V , H 1

) = 1-c , (1 1)

and then A 2 (j .% H1) into

—k ( l)U( 1 , 1) —k ( l ) U(l , 1)
A 2 (14 H2

) [1-c V 
~ + A 2 (14 H 1)e V (12)

y ields

U( 1 , I) ,  the gas amount in the layer H 1-H 2 along ray 1.

Consecutive paths of n�2 each serve to derive a new gas amount
U(n , i i )  for the innermost layer n defined by the boundaries HinXfl to

mm . n
H 1 (i. e .,  H~~1 to H ) ,  after the outer n gas amounts have been

adjusted according to

U(n , j) U(j , j)M(n , j) /M (j ,  j) ,  j 0 , . .  . , n- .i. (13)

This equation applies for n= 1, . . . , N. Here, U( j ,j )  and M(j j) are

the gas amount and airrnass for the previous innermost layers

1, . . .  ,n-l and M(n , j)  is the airmass along path n outside the inne r

layer n.

The absorption coefficients for a low sun path can be calculated

as in Eq. (1). The integrations are made along the appropriate Sections

17 
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of the ray path with the ray tracing program. Strictly speaking, when

a given laye r is traversed by diffe rent low sun paths (as in Fig. 7),
a different value of P ff occurs for each path through the layer. How-
eve r , It was found that for the analysis of the type of experiment
reported here , a sin gle 1’eff averaged over all of the paths can be used
(see below). Typical cases are shown in Tables II and IlL Without

this approximation the absorption coefficients for a given layer , which
depend on P ff . would have to be recalculated for each path.

Tables II and III show the airmhss distribution and the effective
pressure values for two typical cases , at 30 km and at 40 km. The air-
masses again are given in unit8 of 1 alrmasa = 2. 153x10 25 

molecules/
cm2. The pressure Is given in Pascal. (i0 2 Pascal = 1 nib). The
uppe r part of each table is constructed for the case in which the first
path is below the horizon, thus starting with ray 1 and M(1, 1) as
the total airmass along the first ray. It shows the inne r layer bound-
aries as defined by the minimum altitudes H . and aimmasses and-

~ nun
effective pressures along the different low sun paths. For rays

2, 3 .. . N, the aimmasses are listed for one-half of the path. A
column average of the effective pressures is shown in the lower part
of the table for each of the inner layers. A pressure facto r for each
of the inner layers is defined by the -ratio of the average effective
pressure to the sum of the atmospheric pressures at the boundaries .
A similar effective pressure and pressure factor are defined for the
outer layer , H 1 to H0, with the pressure at H0 negligible. Also

f shown in the lower part of the tables are effective pressure values
for typical rays just above the horizon. The pressure factor in this

-
~ case is defined as the ratio of effective pressure along the total path

to the pressure at the balloon altitude.

It Is apparent that the pressure factors depend on the balloon

altitude and the width of the layers as defined by the low sun path..

L -- r
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.
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A study of this type of calculation showed that , for balloon applications

and layers that are not thicker than 6 km, a single effective pressure

value can be determined for each layer which is within ± 1% to ± 5%
of the individual effective pressures for the different rays.

These tables are based on a midlatitude summer atmospheric

profile , but the use of pressure factors permits the application of

-
- such tables to the pressure profile at the time of the measurement.

The effective temperatures listed in the tables were calculated in the

same manner as the effective pressures , but for most practical

applications , a simple average of the temperatures ove r the layer

of interest is sufficient.

C. Photochemically Active Species

The application of the above methods to photochemically active

species , such as NO and NO 2 , is complicated by the time variability

of the constituent during the sunset period. This time variability

causes the distribution of the constituent to be asymmetrical with

respect to H . ,  which results in asymmetrical absorption distributions.

The effect is obviously largest for the largest solar zenith angles

and for the most photochemically active species. Thus , this effect

is quite small for NO 2, but very pronounced for NO. In orde r to

determine the magnitude of the effect on these constituents (which

are taken to be illustrative of such species), time-dependent profiles

for NO and NO2 were used to determine how this variation would

affect the interpretation of such spectra. The technique used to

generate these time-dependent profiles is given by L. R. Mcgill

of Utah State University in Appendix A.

For a simplified discussion, we assume again the weak line

approximation and choose the NO A - doublet (Goldman and Schmidt,

1975] at 1900.08 cm~~ with S = 1. 0xl0~~
9 cm~

’/ (molecule crn 2 ) at

300°I< and ground state energy of E” = 80. 3 cm~~ , and the NO2 four
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lines group (Goldma n et al., 1975], including spin-splitting, at 1604. 57

with S = 4. 6x10 49 cm 1
/ (molecule cm 2) at 296°K with E’t

97. 8 cm ’. These are typical spectral features used for high altitude

observations of these trace gases. The temperature dependence of the

line intensities is included according to standard equations. Figures

8 and 9 show calculated integrated absorption distributions for NO

and NO
2 at 930 

from 30 km. Within the (small) temperature dependence

these distributions are proportional to the gas amount distributioha.

Figure 8 shows that most of the NO absorption is distributed

widely over the portion of the path between H . and 40 km in themm
sun direction. If the data are analyzed on the basis of a non-t~ine-

dependent dis tribution using the full analysis presented above , the

- - absorption in a given layer would be attributed to the portions of the

path on the sun side and on the platfo rm side. In some cases there

is no absorpt ion on the “dark’t side , which ca.~ result in a 50% error

in mixing ratio derived for the layer. If one of the approximations is

H used (e. g . ,  a one-layer calculation which assumes that the absorption

take s place in a narrow layer above H . ) the inferred NO mixing

ratio could be in er ro r by an order of magnitude. In the case of NO2,
as seen in Figure 9, the distribution along the path is not so asymmetrical ,

so that the error in the case of a full analysis is much less. Howeve r ,
as mentioned above , approximate calculations can result in large errors.

IV. Personnel

The major calculations performed in this report represent exten-

sions of pr ograms developed by the Uppe r Atmospheric Physics Group

at the University of Denver. The major effort in the development of

these programs has been by A. Goldman. He has also been responsible

for the extensions ‘which address the problem of the interpretation of
sunset spectra. He has been assisted in thi s effort by G. R. Cook , D. K.

Rolens and R. S. Saunders. The figures have been prepared by C. M. Bauer .
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Appendix A
tITenp~raj Variations of Minor Constituents at Twi1igh~ ’

L. R. Mcg ill

A one-dimensional, time dependent model is used in the present work

to describe variation in the distribution of a number of important

gaseous compounds (e.g., N0~ , ClOy , 
~~~ 

and CFM5) from 10 Jan above the

ground level up to 80 lan, during sunset. In the calculations , the solar

zenith angle varies from 800 to g~0
• In the model used the continuity —

equations describing the rate of change with time of the concentration

of a species x is given by the equation

-

~~~~~ 

= P - L  (1)

where P and L are the photochemical production and loss terms , respec- 7

tively. The vertical transport processes are ignored in the present

work since the 150 solar depression considered by the calculations

corresponds only to about 2 to 3 hours during which integration of

equation 1 is performed . This time is short compared to the time con-

stant for transport effects to be significant .

The accuracy of the results depends, among other things , on the

number of chemical and photochemical reactions used in the calculations.

-~ The data present in literature, however, limit the number of reactions

7
7 used . Pigure 1 represents the basic reaction schemes considered in the

7 present study and a listing of the reactions involved is represented in

Table 1. The rate constants of the chenical reactions used are mostly

recoiimiended in NASA report number

Other data collected for the completion of this work include :

1. A set of starting profiles for each species involved.

2. The photodissociation rates for the photoreactions.

A — I
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The starting profiles for most of the species were found in the li t-

erature only up to 40 to 60 km. These profiles were extrapolated up to 80

km using the scale height equation

N = N1 e /H (2)

where H is the scale height , N1 is the concentration at altitude z and N1,

the concentration at a height h above the altitude z.

Those starting profiles , especially of the sunset sensitive
7 

species , are only approximate since they do not represent the actual

profiles at the starting time of the calculations.

Sets of starting profiles which represent greater internal consistency

could be obtained from the available ones by successively integrating

the continuity equations for 24 hour periods until the essential diurnal

effects are properly reproduced . This however, has not been done in the

present work and is intended to be accomplished in the next phase of this

work.

The photo-dissociation rates were calculated by a computer code written

by Harris and Adams. The ca~culations are based on the equation where

= / ~~ a~ (A) • , (A) e~~m°m Nm (X
~

z)
d (3)

where i denotes the species , m denotes the major absorbing species , j~
is the dissociation rate per molecule of species i ( in sec~~) ,  X1 and

A 2 are the wavelengths bounding the region of interest , x is the zenith

angle of the sun , z is the altitude, ai(am) is the photon absorption

A-2
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cross section of species i(m), $~, is the solar flux at the top of the

atmosphere and Nm(x~
Z) is the column density of species in along the path

from altitude z to the sun at zenith angle x, i.e., Nm = fN1secig, dz.

Single scattering is the only effect considered by the code in calcula-

ting the photodissociation rates. 02 and 03 are considered as the major

absorbing species . Their density profiles , were taken respectively from

U.S. Standard Atmosphere (1962) and from Adams and Mcgill (1970) . The

absorption cross sections of 02 and 03 are represented graphically in

Figure 2 and 3, respectively. For consistency in the calculations the

density profiles and the absorption cross sections of 0., and 03 used in

the present work are the same as those used by the code calculating the

photodissociation rates.

Calculations

The coupled differential equations represented by Equation 1, were

solved by a computer code written by Adams and Megill (1970) . A modified

version of this program is used in the present work . The integration

routine of the code is based on a technique which uses an exponential vari-

ation during the time step. The accuracy of a step is checked by backward

integration. Agreement to 1 part in i0~ is required by the program . The

step size is automatically adjusted as needed to keep this accuracy. An

initial step size is taken as 0.1 sec. This could be halved or doubled

several times to. maintain the required accuracy.

The output of the calculations gives the distribution of the species

at a number of points representing space and time . These points constitute

A-3
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a 6 x 151 gridpoints representing height variation of 2 Jan (ranging from

10 lan to 40 Jan) and solar zenith angle variation of 0.1 ranging from 80°

to g~0
• The geometry of the grid is sketched in Figure 6. This grid

allows the representation of isodensity plots for any of the species in-

volved. Those for NO, NO2, d O  and Cl are represented in Figure 4 ,5,6 ,

and 7, respectively.
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TABLE (1)

a - Chemical Reactions Set

No. Re~~tiat Rate Constant Reference

1. N O + 0 3 —---—--’- N O2 + 0 2 2 . l x l 0~~
2 e~c p — ~~~~~.

2. + 0 ———--+ + 02 9.1 x io ’2
3. N + 02 ——--+ NO + 0 5.5 x io~~2 exp —3220/1’

4. N + NO ——— ~ + ~) 8.2 x l0~~~ exp -410/T

5. NO2 + OH + M ——---+HNO3 + M See below (*)

6. ai + HID3 
_

~~~~~ 1120 + ID3 8 x

7. N + N O2 —-------+ N20 + 0  2 . 0 x i & 11exp~~~~2-

8. NO + 0 + M 
~~~~2 + M 1.55 x i0 32

~ cp +584

9. ID2 + 
~~~ 

+ N2 ———-i- 13D2N02+N2 1.0 x

10. N+03 -—-—----+ NO+02 5 x l 0 12
~~

cp 12.

11. ID2 + 03 ——-—i- NO
3 

+ 02 1.2 x ~~~~ ~~~~~
12. Ok) + N20 ———-÷ N2 + °2 5.5 x 10

13. 010 + N20 ———-+ NO + NO 5.5 x 10~~~
14. 010 + 1120 -—-——-+ (14 + OH 2.3 x 10-10

15. 01D + CH.~ —-——+ Cli + Cl!3 1.3 x 10 10

16. oks + N2 + M -—-———+ N20 + M 3.5 x ~~~~

17. o10 + H2 —-—----÷ Ciii + H 9.9 x io ll

18. 010 1- N2 -—— ~- O + N 2 2x10~~
1 exp ±1~1

19. o1i, + °2 ~ 0 + 
~2 2.9 x 10_li exp 67/T

• 20. ok) + 03 ~~~~~~~~~~~~~~~~~ 
0

2 
+ 02 1.2 x 10~~~

21. O1D + 03 
- ——+ 02 + 0 + 0 1.2 x 10—10

22. 011D + 11,1 ————————- ~ OH + ci 1.4 x 10 10

23. 0~0 + Cl~cl~ ——————-~ ~F ci2 +clo 2.3 x 10 10

24. 01D + Cl’~Cl 2 —— ‘CF,~cl +cio 2.0 x 10—10

25. Cli + 1102 
_—_—._-+ 1120 + 3 x

A-S
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TA&JE (1) cx nt1nue~
a - chemical Reactions Set

_ _ _ _ _ _ _  
Rea~tion Rete Constant ~~ference

26. NO2 + 1102 ——— —-p 11202 + 02 5 x io~~2 ~50O

27. OH + OH -—-———--- ‘ 1120 + 0 1.0 x 10~~ exp 
550

/T

28. li)2 + 03 OH + 02+ 02 1.0 x io 13 -1525

29. oH + 03 1102 + 02 1.5 X 10 ~ c~
)

30. 011 + 0 —-——— ‘~ H + 02 1.0 ~ 10-10 
~~~,

31. 0 + 110~ -—~— — 4  (11 + °2 1.0 x 10—10 exp

32. 0 + 
~~~~ 

Cii + 1102 2.75 x io 12 
~cp 

2125/T

33. H+02 +M—-—— ’- }102 +M 2.1x 10 32 e~cp ±~~

34. NO + 
~~~~~~~~ 

—p NO~ + OH 1.5 ~ 10_il 
~~~, —h OOT

35. H+03 —-———- ’OH+02 - 
1. 2 xi 0 10

~~~~~~~
Q

36. OH + Cl-I + M ———— -p H202 + M 1.25 x io 32 +900

37. OH + 11202 1120 + li)2 1.0 x 10
_il 

exp 750/T

38. OH + CO 
~~2 + H L4 x

39. OH + Cl!4 — 1120 + ca3 2.35 x io~~
2 -1710

40. ci + 03 d O  + 02 2.7 x 10_li 
~~~ , 

—257,,r

41. cia + 0 ——————+ ci + 02 7.7 x 10_li 
~ cp 130/T

42. d o  + NO --————— ~~ ci + ID2 2.2 x 10
_li

43. OH + H ~~
l—----——+ ci + 1120 3 x io 12 425/T

44. ci + cH4 —~ H~i + CH3 7.3 x iø~~
2 l26O,,,~,

45. ci + 1102 
— -———~—+ W~l + 02 3 x 10

_il

46. cia + ~D2+N2———-~ c loNO2 + N2 5.1 x iO~~ 
+1033

47. 0 + H~i —— —— ci + OH 1.4 x 10_li 
~~~ 

3370/T

48. c Z + C l ! —— — — — — — +0 + H c i  1.0x 10 11exp~~~
70

49. ci + 
~2 ~~~~~~~~~~~~~~~ Hal + H 3.5 x 10

_li 
e~ 

2290/F

50. ci + 11202 H~l + NO2 1.7 x io 12 
~cp
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TABLE (1) continued

a - Ch~~ cal Reactions Set

lb. Reaction Rate Cxrnstant Reference

51. ci + HNO3 ~~~~~~~~~ Ibl + ID3 1 x lO~~~ ~~p 2170/T A

52. 03 + 0 ——--——-—
~ 

02 + 02 1.9 ~ 10_il ~~~ —2300/ T A

+ 0+ M ——— ~~~ 0
3 

+ M 1.07 x lO~~~~ cp’~~~ B

54. 0 + 0 + M ———-+ 02 + M 8.0 x 1O 33 A

55. 112 + Cl-I ——————--~ H + 1120 2.3 x hO 11exp~
2450/T A

56. 1102 + H ~~~~~~~~~ H
2 

+ 02 1.0 x 10
_li A

57. Q134024M ~~~~~~~~~~ H302*1 2.6 x io
_31 

A

58. OlD + M —-————0 + M 6.0 x 10_il A

59. 1K) +NO +M —~~—— ~FD +NO +14 1.97 x io 31 D

60. + NO —-— — -—+ HO + 1
~
O2 3 x 10 ~~p —

~~

-- D

61. E02}K)2+ci —-——— Ha l + 02+NO2 1.7 x iO 12exp 384/T D

62. 1K)2N02 + 0 —--——+ 0H40
2

4ND
2 

2.75x10~~
2 exp ~

2125/T D

63. ~~~+ OH —-—-————— +H*~~~2 2.1 x1 0 13 exp 75/T A

64. 0430 + 
~~3°2~ 

+ 02 3.0 x 10 11
~ cp —500/T A

65. CH3O + °2 0420 + 102 
4.2 x 10 13exp 3300/T A

66. N + cii ————-——-‘ 1K) + H ~~~ x 10_il A

67. N + HO2 -.-———--÷ ~~ + cii 2.0 x 10 10 A

68. -H0
2

NO
2 

——— — —— +  H~0 + 02 1.0 X i0 exp -750/T D

69. ID2 + 1103 + M —-—+ rq
205 + M See below (**) B

70. CH302 + NO ——— — ~-+ CH3O + NO
2 

1.5 x 10 12exp 500/T A

71. 0420 + Cl-I — ————— — ~ 
11

2
0 + 00 1.4 x 10

_li A

72. C93 + 02 ~~~~~~~~~~~~~ 
1102 + CO 1.7 x io

_13 
A

A-?



(A) Crutzen, 1977.

(B) Atmospheric Envirorrnent, Voi~ite 9, 1975, page 1045.

* k for reaction 5 is given as

8 + 7vj ~ ) 6 —1k r+7v Liis 8 + v 0Lu] a nS

k
where v0 =

and ka are the low pressure and the high pressure limits

for the rates , respectively .

(ii] is the air density

= 6.5 x 10 23T 3an6s~~
= 1.0 x l0 11an3s~~

**K for reaction 69 is given by the expression

_ _ _ _ _ _  

3 + 5 v 0[p] 6 -1k l + SV LII J 3+v0111J 
an sec

where v0 = as above

= L9 x 1O 30an6s~~

ka = 3.8 x 10 12an3s 1
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b — The Photoreact ion Set

- 
No. Photoreact ions Notes

1. 02 + hv -————--P 0 + 0

2. 03 + h v  ----—
~~~~~~~ 

0 + 0~~

3. O3 + l w  ——--—-+

4. 1102 + hv — -————-i~ ID + 0

5. 103 + liv —-——--~ 10
2 

+ 0

6. 11205 + liv —-—--~ ID
2 

+ NO3

7. 11202 + hv ———s OH + OH

8. H ID3 + hv ——-—-‘ OH + ID2

9. 1102 + hv —--- OH + 0 J values for H202 are used

10. cjo ID2+hv -——---—’ N02 + dic ’

11. 012 + hv —————-—--~ ci + al

12. 0014 + hv ——--———-÷ cal 2 + ci + ci

13. cYol3 + hv ——— ci + ~Fc l2
14. 

~
‘2’~2 

+ hv —————-+ ci +

15. C1i~i2F + hv —-—--‘ C1k~iF + ci

16. CH3c1 + hv --—————- ‘ 04
3 

+ ci

17.. CH3O2H + hv --- —-‘ 04
3 

0 + (11

18. H02N02 + hv ---——+ HO
2 

+ 1102 ~ values for 11202 are used

19. 1120 + hv ——--—-‘ 112 + O’D

20. cia + h~~———————----g. ci + a

21. Hci + liv --—-—----‘~ 11 + ci

;, 
___________
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APPENDIX B

On the Interpretation of Infrared Sunset Spectra

for Altitude Distribution of Atmospheric Trace Constituents

by

*
A. Goldman, G. R. Cook, D. K. Rolens and D. C. Murc ray

Department of Physics
University of Denver

Denver, Colorado 80208

Scientific Report #1
Coneract No. DOT-FA77WA-3949
Federal Aviation Administration
Department of Transportation

Abstract —

Quantitative inte rpretation of sunset spectra in terms of mixing

ratio altitude profiles of atmospheric trace - constituents require s,

amont other things , a detailed consideration of the air mass distr ibu-

tion along the sunset ray. Air mass distribution tables are generated

for such infrared sunset spectra by a ray-tracing technique. The ap-

plication of these distributions to the interpretation of sunset spectra

is di scus sed for both su nset insensitive gases and sunset sensitive

gases such as NO and NO 2.

November 1977

*Laboratory of Applied Mechanics, Denver Research Institute, Denver,

Colorado 80208
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1. Introduction

A powe rful infra red technique for the detection of trace constituents

is to observe atmospheric transmission spectra from an airborne plat-

fo rm using the setting sun as a source. The main advantage of this

technique is the long path achieved through the atmosphe re below the

observation point , which increases the spectral sensitivit y of the method

to atmospheric trace constituents. In fact , within the last decade ,

seve ral trace consti tuents have been measured in the lowe r stratosphe re

by this technique, e. g. HNO3, NO2, NO , CF2C12, CFC13, Cd 4, HC1,
and HF.

Quantitative derivation of mixing ratio altitude profiles of trace

consti tuen ts from sunse t spec t ra requires a de tailed conside rat ion not

onl y of the spectral absorption line s but also of the geometry of the

opt ical path through the atmosphere which, in turn , is largely affected

by atmospheric refraction. In a low sun experiment the path goes through

a minimum altitude , a round which a significant portion of the tota l air

mass is concentrated. Thus , to a f i rs t  approximation it has been

customa ry to assign the observed absorption to the vicinity of the mini-

mum altitude. In the present pape r , we study in detail the air mass

distribution along such a path for an isot ropic spherical atmosphe re

divided into thin homogeneous shells. These distributions are then

applied to the interpretation of sunset spectra for sunset insens itive

gases and also for sunset sensitive gases such as NO and NO2.

The ai r mass dis t ribu t ions for the layers of an isot ropic atmosphere

are symmetr ical with respec t to the min imum altitude and have

significant widths which depend on the zenith angle and the altitude.

In contrast , curren t time-dependent photochernical models predict that

the NO and NO2 dis tr ibutions are asymmet rical with respec t to the

minimum altitude , especially NO as it s concent ra t ion can change dras t icall y

during the sunset period.
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The tables of air mass distributions produced in the present stud y allow

an accurate quantita t ive laye r by layer derivation of the mixing ratio profiles .
assuming sunset insens itive gases. Common approximations are

discussed and compared with the exact method for the case of the

weak non-ove rlapping line approximation. The same method can be

extended to a line by line - laye r by laye r calculation, The air mass

distribution tables are then used to examine the d ifficulties associated

with the inte rpretation of sunset spectra of sunset sensitive gases.
-
~ It will be shown that a derivation of an NO profile can be quite

meaningless, while a meaningful profile for NO2 can be derived.

2. Air  mass distributions

The air mass distribution along a sunset path is derived from

a ray-tracing computer program, including refraction, described

in detail in Snide r and Goldman (1975) and Snide r (1975). A standa rd

midlatitude summer atmosphere, as tabulated by McClatche y et al.

(1972), and a wavelength of 5 gin have been assumed for the present

work. Typical air mass distributions , as well as the accumulated

distributions, for an observe r at 30 km and apparent zenith ang les of

92° and 94~ are shown in Figs. 1-4. Table 1 is an example the

corresponding tables and presents the numerical values for 94

Similarly, air  mass distribution tables and figures we re made at

0. 5° steps from 90. 5° on, until the ray strike s the earth’s dis k, for

observer altitudes 15, 20 , 25, 30, 35, 40, 45 and 50 km. These

are available along with NO and NO 2 ab~ orptions in the Appendix C. The

0. 5° step is dictated by the sun’s dis k (32 mm .~f arc) and typical

spectral scan times (~ l minute). The compute r programs used

can easily be re run for a diffe rent set of altitudes and sun angles.

For a given observe r altitude (in kilometers) and an apparent

zenith angle (in degress), the air mass distributions presented in the

B-3
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tables and fi gures are divided into two pa rts. The first  pa rt

includes the values from the minimum altitude , H . , to the observe rmm
alt itude; the second extend s from H . towa rds the sun up to 100 km.nun
These two pa rts are separa ted by a ve rtical line at Hmi n in the fi gures

and by a space in the tables. The total air mass listed on each

figure is along the total pa th which includes the standard atmosphe re

up to 100 kin altitude. One air mass is 2. 153 x 1025 molecule/cm 2

(Snide r and Goldman, 1975). The ray-tracing computations have been

pe rformed in 250 meter steps for the 0 - 40 km altitude range,

1 km steps for 40-70 km and 5 kin steps for 70 - 100 km, as explained

by Snide r and Goldman (1975). The figure s and the tables have been

calculated in 1 km atmospheric shells , so starting at H . the first
min

step can be less tha n or equal to 1 km until the nea rest 1 km shell

boundary is reached. The reafte r , the steps are the 1 km shell

steps. Figure 5 is an example of ray geomet ry and a ir mass

distributions along various paths. It is seen in Figs. 1-5 that the

ai r mass distribut ions a re symmet rica l around H . and have signifi-
r mm

cant width. There is always less than 50% of the air mass between

H . and the obse rve r and more than 50% between H . and the sun.mm mmii
The air mass tables are extended to an arbitrary altitude , Hfl which

is 10 km above the altitude of the observe r in the sun direction, so

that the residual air  mass is quite small (but not always negligible).
The truncated air mass listed in Figs. 1-4 is the air mass from Hmm
to Hf 3 and the res idual air  mass above Hf can be determined by
a comparison with the total air mass listed. The amplitude in
the air mass distribution plots (Figs. 1 and 3) are relative to the

total air mass. Figures 2 and 4 show accumulated air mass distributions

as a running accumulation of the 1 km step values on both s ide s of
H . which are also relative to the total air mass. It should bemm
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noted that each tabulated value in the tables represents the 1 km shell

with the printed altitude as its lower boundary, Thus , the las t line

tabulated in Table 1 as 39. 0 km represents the 39 - 40 km shell.

The tabulated zenith ang les are along the path, at the intersection

points of the altitude boundary lis ted. An example of these values

along the 92° path are shown on Fig. 5. Thus , H . is always at

900 and the angles in eithe r direction from Hmin complement one

anothe r to 1800, one increa sing and one decreasing from the 90
0

value. The tabulated pressure (in Pascals , io
2 Pasca l = 1 mba r) and

temperature are average values ove r the shells. The effective

temperature and pressure in the tables are defined by

P ff = SP d m/ S dm and T ff~~~J’ T d r n/ $ d r n ,

where din is the air mass increment , P the pressure  and T the tem-

perature , as explained by Snider and Goldman ( 1975). The integrands

for these expressions , after the small step computations have been

accumulated over 1 km steps , are given in the tables unde r th e columns

~~(P-dm) and ~~( T-dm). The air mass increments are listed under ~~M.

The 1 km step values are accumulated along the path from H . in both
mm

directions under the column ACCUM ~~M. These are the values shown

in Figs. 2 and 4 as the accumulated air mass distributions. The geo-

metrical path increment is listed under A (PATH) and is accumulated

along the pa th under the ACCUM ~~(PA TH) column. Thus , for 30 km

at 93°, the geometrical path from the observe r to H . is 338 km and

for 940 is 457 km. It should be noted that with such distances the

Isotropic atmosphere approximation can be quite poor if the path

reaches the troposphere above heavily polluted cities.
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For a uniformly mixed gas in an isotropic atmosphere , the gas

amount distribution is proportional to the air mass distribution.

Furthe r , in the weak-line approx imation the gas amount distribution

is also proportional to th e integrated absorption distribution, within

the tempe rature dependence of the line intensities. Thus , the inte-

grated absorption distributions of such gases have approximately

the same shape as the air mass distributions of the type displayed

in Figs. 1-4. Significant deviations from these shapes indicate

altitude dependent mixing ratios if the shapes remain symmetrical

and nonisotropical gas distributions If the shapes are asymmetrical.

3. The inte rpretation of infrared sunset spectra

Denote the observed integrated absorption at diffe rent apparent

zenith angles z1, z2, . . . ,  by A 1, A2, ... , for a given observer

altitude, h1. Without a loss of gene rality, assume that h 1 is an

integer km alt itude. For s implicity of the discussion, the weak

line approximation is assumed, so that the integ rated absorption

A , is given by A(cm~~ ) = S (cm~~ /molecule cm 2) U(molecule/cm2),

whe re S is the integrated line intensity- and U is the absorbe r amount.

The air mass distribution tables give atmosphe ric amounts U as MU
25where M is the tabulated air mass , and U = 1 air mass = 2. 153 x 10

2 0
molecule/cm . Trace constituent amounts will be described by $U

whe re $ is the gas volume mixing ratio.

The tables can be used for a laye r by la yer derivation of a

mino r constituent altitude profile in the following way. The atmosphe re

is divided into even one km shells1 although Fig. 5 shows 2 km shells

for simplicit y. The tables show 1 km shells which can be accumulated

ove r two or more km as required. Starting with the f i r s t  path

and z 1>90° (required to obse rve the weak absorption of the t race

constituent) , a constant mixing ratio , $~
, can be derived for the

atmosphe re above H . of the path according tomm

_  A



~~l SU M1 

- 

(1)

whe re M 1 is the tota l air  mass along path 1. This will be conside red

as the mixing ratio for laye r 1, between h 1 and h2, as well as for the

residual a tmosphere above h 1 in the sun direction. It should be

noted that H . can obviously fall between the even km boundaries , som in
that h will be the same altitude as H . or the next nearest even2 mm
kin below it . Subsequent inner laye r boundaries are defined by

the minimum altitudes of the corresponding zenith ang les , z ., so tha t a

laye r can include more than 1 shell with increasing zenith angle. For

example , with the observe r at 30 km the inne r la ye r defined by z = 92°

and z = 93° includes five 1 km shells. This is shown as Laye r 3

on Fig. 5.

A mixing ratio altitude profile is then derived by the successive

equations :

n-l

A - 2SU ~ M 
(n) 

- ~ (n)
n o k l  ic k , k+i

$fl 
= , n=2 , 3... . (2)

S U Mo n , n+l

Here, $ is the constant mixing ratio for the la ye r define d by H .

to h , the eve n km boundary below H . 
(n - i)  M ( i i )

n-i  mm k, k+ 1
por t ion of the ai r mass between alt itudes hk and hk+l for path ii. The

uppe r index n denotes the diffe rent paths for a give n observe r altitude.

The Mk k+ 1 values are those tabulated in the air  mass distribution

tables every 1 km accumulated ove r the prope r layers. In ~~j . 2 the

summation in the numerato r represents the correction to A due to the

absor pt ions in the outer layers , each one of which is crossed twice .
( n) (n)  .A smalle r correction is ~A = $ SU M , whe re M is the residual1 o r  r
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air  mass out side h 1 in the sun direction. The inne r laye r n is

crossed once , but note tha t its air mass is twice the air mass from

H (n) t hmm n— 1
The corrections to A

~ 
are by no means negligible. Howeve r, a

commonly used approximation is to neglect these corrections in the
(n)nume rator and replace M in the denominato r by M , then, n+ 1 ii

total airmass along path n, and assign the resulting mixing ratio ,

A- n
‘n S U Mo n

to H . 
(n) 

or a small altitude range above it. This approximation is
mm

mot ivated by the fact that a s ignificant portion of the total air mass

along the path is indeed concentrated near H . . It can be a goodmm
approximation only if the effect of neglected corrections in the numerator

are compensated for by the ratio M / M so that
ii n, n+l

(A~ - 2SU
0 :*: ~k Mk k+l - ~ (n)) 

M 

Mn 

~~ 
~~~~~

- n, n+l

Examination of the air mass distribution tables shows that for many

practical cases , this approximation can lead to e rrors from 5% to a

factor of 5, as will be demonstrated below.

Anothe r commonly used approximation is to consider the absorption

dif fe rence , A~ - A~~~~~1 
, and the corresponding total air mass d iffe rence ,

M
~ 

- M
1 

, so that $ is approximated by .

A - A
p 

~~~ ii n -i  (4)n ( M - M  )SUn n — i  o
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( i i)  the
and assigned to 

~~~~~ 
as unApreviou s approximation. This approximation

can be quite good if both A >>A and M ~t”M , but in many
ii n — i  ii n — i

practical cases A A 1 and M Is not very large compared to

M , unless z~ 940~ A combinat ion of these condit ions can resultn-i
in a ve ry large error.

Both of these approximations are a one-laye r calculation. Strictly
speaking, the resulting mixing ratio should then be assigned not to

H . , but ra ther to a wide r layer , the width of which increasesmm
as z increases, as is shown by the air mass distributions. If an

arbitrary defini tion of a 90% distribution width is adopted , the

width can be quite large , as is seen in Figs. 2 and 4. Thus , for

30 km and 90% of total air mass , the width is 5 km for 92° and

— 7  km for 94°. The exact Eq. (2) allows a fine r altitude resolution,

with the ove rlapping between the air mass distr ibutions at diffe rent

zenith angles properl y accoun ted for. A typical altitude resolution

obta inable by using the entire sun’s disk from 30 km altitude is

achieved by starting at 90. 5° and p roceeding in 0. 5° steps . The

minimum altitudes for 90.5, 91.0, 91.5, 92.0, 92.5, 93.0, 93.5,

94. 0 and 94. 5 are (Snide r and Goldman, 1975) 29. 7, 29. 0, 27. 8, 26 . 1,
-
~ 23. 9, 21.1, 17. 9, 14. 1 and 9.7 km, thus defining 9 layers with

widths of 0.7 , 1.2 , 1.7, 2.2 , 2.8 , 3.2 , 3.8 and 4. 4 km.

As an example , for the application of Eqs . ( 1) and ( 2) and

the app roximations (3) and (4), conside r an obs e rve r at h 1 = 30 km,

and three integrated absorption measurements at z = 92
0

, z = 93
0 

and

z = 94
g
. This can be visualized with the help of Fig. 5, but the 91°

path does not pe rtain to this example and the 94° path is not shown

— 
(fo r s implicity). From our tables we find the minimum altitudes of

H = 26. 08 kin, H . 
(2) 

= 21.15 km and H . 
(3) 

= 14. 09 km;m m  mm nun
and total air masses of M1 = 1. 581, M2 = 3. 756 and M3 = 12. 088.
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Assuming measured integrated absorptions of A 1 = 1 cm~~ , A 2 = 5 cm~~
and A 3 = 2 cnn ’, which indicate a trace gas concentrated in a

laye r in the atmosphe re , and assuming s = 1 x io 18 cm/molecule , we

find by Eq. (1) that = 2. 94 x io
_ 8 

vol/vol.

The approximations (3) and (4) use the same $

~ 

value. The exact

for the next layer (21 to 26 km) is given by

A - ZM (2)~ sU - M (2)~ su
2 12 l o  r 1 0 -8

= 6. 89 x 10 vol/vol
S U M  ~~o 23

whe re M23~
2
~ = 3. 08 (between 21.15 and 26 kin), 2M 12 = 0. 480

(between 30 and 26 kin) and M~~
2
~ 0. 196. The inc reased mixing

ratio in this second laye r sh ows a gas laye red in the atmosphe re ,

since A 3 is rela tively small.

Approximat ion (3) y ields $~~ 
= A2 /SU 0M 2 = 6. 18 x vol/vol,

which is 10% lowe r than the exact $~
. This approximation can

improve significantly for smaller A 2 values , 1. e. , for a gas which

is less layered in the atmosphere. Approximation (4) y ields

A - A 1
= (M - M ) S U  

= 8. 54 x io
8 vol/vol ,

2 1 0

which is 24% higher than the exa ct $
~
. This approximation will

be improved for lar ger A 2 values. The exact $3 for the next layer

( 14 to 21 kin) is given by

5-10 
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A
3 - 

2$
1

M 12~~
3

~~SU - 2p
2

M 23~~
3

~~SU - M~~
3
~$1SU 

-

S U M  (3) -

0 34

5. 68 x l0~~ ° vol/vol

where 2M 12~
3
~ (between 26 and 30 km) = 0. 334, 2M23~

3
~ (between 21

and 26km) = 1.050 , M34~
3
~ (between 14. 09 and Zlkm)  10. 544 and

= 0. 160. Approximation (3) gives $
3 

= A
3

/SU M
3 = 7. 68 x 10~~ ,

more than 10 times higher than the exact $3~ Aga in, this approximation
is improved for smaller A3 values. Approximation (4) for $3 is not
applicable he re since A3 - A

2 
<0. It is thus seen that the common

approximations can lead to a very large range of errors as stated

earlier. The numerical values of this example are summarized in Table 1.
The laye r by laye r method described above can be extended

to a more general line by line - layer by laye r calculation ove r

a spectral interval of non-weak ove rlapping lines. This can be done
similarly to the presentation by Goldman et al. (1973). For the
first path

A~
’
~(~1

, 1) = (
( l) (1, 1) , (5)

and for the successive inner paths

A~~ (p, n) = (
(n) ( n) + 2 

n~l 

~~~~ m) 11 r~~ (V, k) +
xn= l k m+l

n = 2, 3, ... , , (6)

where the upper index n denotes the path n, with “ Infinite ” resolution

spectral transmitivity, r~~ (V , k), and absortivity c (I’, k) at wavenumber
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V of a layer defined by the altitudes hk to lik i . A~~~((, n) is the

spectral absorption along the total path n. c~~ (V, n) is the emnissivit y of
(n) .the inne r layer whose mixing ratio $ is being determined. C is

the emnis sivity of the residual of the atmosphere outside h 1 in the

sun direction. By fitting the observed integrated absorptions to the

theoretical ones as done by Goldman et al. (1973), a mixing ratio

altitude profile can be derived. In the weak line approximation

for a s ingle line , Eqs . (5) and (6) yield Eqs. ( 1) and (2) .

4. Sunset sensitive gases

The application of the above methods for sunset sens itive gases

such as NO and NO2 is complicated by the uneven gas distribut ion during
the sunset period. These distributions are asymmetrical with respect

to H . ,  resulting in asymmetrical absorption distributions. The

-
~ degree of asymmetry increases for large r zenith ang les. IL is

quite small for NO2, but very pronounced for NO as will be described
below.

For a simplified discussion, we assume again the weak line

app roximation and choose the NO A - doublet (Goldman and Schmidt,
1975) at 1900. 08 cm~~ with S = 1 ,0 x IO~~~ cm ’/(moiecule cm 2)
at 300°K and ground state ene rgy of E” = 80. 3 cm~~ , and the
NO2 four lines group (Goldman et al. , 1975), including spin- splitting,

at 1604.57 cm
_ i  

with S 4.6 x io _ 19 
cm~~ /(molecu1e cm~

2) at 296°K
with E” = 97. 8 cm These are typical spectral features used
for  high altitude observations of these trace gases. The tempe rature
dependence of the line intensities is included according to standard
equations. Figs . 6 and 7 show calculated integrated absorption
distributions for NO and NO2 at 93° from 30 km. Within the (small)
tempera ture dependence , these distributions are proportional to the
gas amount distributions. The latter were taken from a time-dependent

B-12
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photochernical model tables of NO and NO 2 numbe r densitie s at various alti-

tudes and zenith ang les , gene ra ted by R. Megill and W. Abdou . Additional

NO and NO 2 figu res and tables fo r various cases are in th e A ppendix C .

Fi gure 6 shows that most of the NO absorption is dis tr ibuted widel y

ove r the portion of the path between H . and 40 km in the sun direction.
in in

Thus , if  the observed absorpt ions dur ing  sunset are used to de r ive mixing

ra t io dis t ribut ion by means of Eqs. (1) and (2),  the NO abso rpt ions a re then

assumed to be symmet r ica l  a round H . , which w ill lead to a large erro rmm
because the re is mo re than an orde r of magnitude ditfe rence in the NO mixing

ratios in ei the r d i rec t ion .  1-le re it should be noted tha t a g iven shell has dif-

feren t mixing rat ios for  diffe rent paths due to the Lime dependence. As an

example of such an inve rsion of the data , we conside r again the case of 30 km

at 92°, 93° and 94
0
, The pre-calculated mix ing ratios from the photochemical

tab1es~~~ for the three  laye rs of 30- 26 kin, 26-21 kin and 21- 14 km (as de-

fined by the g iven zen i th  ang les) , are ~~~~~~ 6. 09x 10~~
0, p2~

1
~= 7 . 95 x l 0~ ’’(I) — 1 2  . . (I I )and 

$ 
2. Z Zx  10 for  the H . to observe r d irec t ion , and 1. 39xmm .- 1

io ” , ~ Uu 1=4• 54x 10 
It) 

and ~ (h I ) = 1. 90x l0 “‘ for the H . to sun direction.
“2 3 mm -9The cor responding  i n v e r t e d  

p 
values, by Eqs. ( 1) and (2) ,  are p1= 1 . 13 x l O

2. 55 x 10~ 
10 

and $3=6 . 68 x l0~ 
1l~ It is appare nt that while the ave rages

of ~~~~ and ~~U1) are wi thin 5% and 50% from the inverted the variation
( 1) L 

( I I )  . 
i

between 
~~~
. and p. ca n exceed an o rde r of magnitude (depending on the

photochernical model used). Such possible variat ions wi thin  the shell are not

accounted for in our inve rsion me thod and the re sulting mixing ratios are not

always meaningful. Furthe r e r ro r s  can be introduced if Eq. (3) or (4) are used.

In pa r t i cu l a r,

For simplicit y the in tegrated absorptions we re calculated without the te m-

pe ra ture  dependence (T) of the line intensi t y S(T) so that A 1 = 3. 842x 10~~ ,

A 2=3. 32 0 x 1 0 3 and A 3 3. 2 80x 10 3crn ’. These A value s diffe r somewhat

from the tabulated values in Appendix c which do include the tempe rature

depende nce of S. The tempe rature  independent values have been chosen to

sim plif y the examp le of using Eq. ( l ) - ( 2 )  where , s t rictly, S should vary w ith

each laye r accordin g to tempe rature.
B-13
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the precalculated integrated absorptions for NO along the 92°, 930 and

94° path s are 0. 00384 , 0. 00332 and 0. 00328 cm~~ , which are almost

equal if an experimental error is allowed.

The NO2 distributions are only slightly asymmetrical around H .

as demonstrated in Fig. 7, so that the inversion process will be much

more accurate. In fact , for the same example as above of 30 kin and

92°, 93° and 94°, the precalculated integrated absorption values of

0. 0765 , 0. 101 and 0. 124 cm 1 (again calculated without the temperature

dependence of the line intensities), we find $ ~
(1) 

= 5. 82 x l0~~ , P
2

~~~~~ =

2. 85 x l0~~ and ~ = 1.04 x l0~~ for the H . to observer side, and

= 5.05 x 10~~, $ 2~~~ = 2. 48 x 10~~ and 
mm 

p (II) 
= 8. 51 x

for the H . to sun side . The inverted values are $ = 4. 89 x l0~~ ,

= 2. 2 5 x  l0~~ and $3 = 7. 35 x ~~~~~~ which allows a meaningful

inversion for NO 2 despite the slight asymmetry. See Table 1 for a

surru~ary of these comparisons . It may seem odd here that the P values

are smaller than both $ 
(I) 

and pm) , but this is due to the fact that
(I) and ~~~~ were obtained by averaging the mixing ratios of 1 km

shells ove r each layer. The inversion is limited in altitude resolution

and the layers include several 1 km shells.

It is thus seen , that a time-dependent gas distribution model can

significantly affect the quantitative interpretation of sunset spectra.

Since the sunset long path is needed in many cases to detect the other-

wise very weak absorption of a trace constituent , a time-dependent

model must be a part of the data interpretation. The layer by layer

analysis can be used to test such models , even though the results will

not always be unique. High sun or constant low sun ooservatlons should

then be made to eliminate time-dependence effects.

5. Summary

Air mass distributions along sunset pa ths have been generated

and used to exar--ilne some problems concerning the interpretation of

B-14 

-



sunse t spectra in terms of mixing ratio altitude profiles of atmospheric

trace constituents. It has been shown that the distributions have to be

taken into account for both sunset insensitive and sunset sens itive gases.

In the first  case , commonly used approximations which neglect

these distributions can lead to significant errors in the derivation of

mixing ratio altitude profiles. The second case Is further complicated

by the asymmetry of the gas distribution with respect to the minimum

altitude of the path. The tables in Appendix C provide a base for

correcting the interpretation of the infrared spectra of such sunset

sensitive gases.
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Figure and Table Legends

Fig. 1. Air mass distribution for 1 km shells along a 92° path from
30 km.

Fig. 2. Accumulated air mass distribution ove r 1 km shells along a
92° path from 30 km.

Fig. 3. Air mass distribution for 1 km shells along a 940 path from
30 km.

Fig. 4. Accumulated air mass distribution for 1 km shells along a
94° path from 30 km.

Fig. 5. Ray geometry and air mass values for 2 km shells along 910
,

92° and 930 paths from 30 km. Only one half of the symmet-
rical air mass distribution is shown. The minimum altitudes
define the layers for the inversion.

Fig. 6. Integrated absorption distribution of NO for 1 km shells along
a 93° path from 30 km.

Fig. 7. Integrated absorption distribution of NO 2 for 1 km shells along
a 93° path from 30 km.

Table I. Summary of nume rical examples for observer altitude of 30
km (see text for details).

Table 2. Air mass distribution for 1 km shells along a 940 path from
30 km.
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APPENDIX C

This appendix Includes three sets of tables and figures in this order.

1) Air  mass distributions for balloon altitudes of 15, 20 , 25, 30 , 35 ,
0 0

40 , 45 and 50 km each for apparent zenith angles of 90. 5 , 91 .  0

91. ~
0

, - , in steps of 0. 50 until the earth ’s disk is reached.

2) Integrated absorption distributions for NO for 30 km and 90. 5
0,

9 1.0°, 9 1.5°. - . . 94. 5°.

3) Integrated absorption distributions for NO2 for 30 km and 90. 5°,

9 1.0°, 9 1.5°. . . - , 94. 5°.
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