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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 NO.,. 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 NOZ' Acoession 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 >90o
(sunrise or sunset). In fact, within the last decade, several trace
constituents have been measured in the lower stratosphere by this

technique: i.e., HNO3, NOZ' NO, HCl, HF, CFZCIZ, C_FC13 and
cqa,.

4
The quantitative derivation of mixing ratio altitude profiles

from sunset solar spectra requires a detailed consideration 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 90°, 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
valid for photochemically-active species (e.g., NO). The objective
of this program has been to investigate the importance of these effects
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 temperature
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 NOz, to investigate the errors

1




in the profiles which are introduced when time dependence is not a

part of the spectral analysis. The time-dependent 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 progranﬁ.

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 concentration
along the path of a photochemically-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 performed

using, as input, a standard midlatitude summer atmosphere [McClatchey
et al., 1972] and Sum as the wavelength of interest. Typical results

of such airmass and accumulated airmass calculations are shown in
Figures 2 through 5, for an observer at 30 km and apparent zenith
angles of 92° and 940. 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 _, and effective temperature, T

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

5 P 24 T
Peff = :;,' dm and Teff = f dm )
dm dm

where dm is the differential airmass.
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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 increments 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 boundary of the shell. Finally, the geometrical

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

III. Interpretation of Infrared Sunset Solar Spectra

A, Weak line approximation

Denote the observed integrated absorption at different apparent
1 Zgr v by AI' Az, soleiy

Without a loss of generality, assume that hl is an

zenith angles z z for a given observer

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

line approximation is assumed, so that the integrated absorption, A,
is given by A(cm-l) = S(cm-llmolecule cm_z) U (molecule/cmz),
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 MUowhzesre M is the y
tabulated airmass, and U = 1 airmass = 2.153 x 107" molecule/cm .
Trace constituent amounts are described by BU where B is the gas volume
mixing ratio.

The tables are used for a layer-by-layer derivation of a minor
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, > 90° (required to observe the weak absorption of

1
the trace constituent), a constant mixing ratio, Bl. can be derived

9




(1)

for the atmosphere above Hmin of the path according to

B, = SU_M 2)

where M1 is the total airmass along path 1. This ﬁl will be con-
sidered as the mixing ratio for layer 1, between hl and hz, as well
as for the residual atmosphere above hl in the sun direction. It
should be noted that Hmin can obviously fall between the even km
boundaries, so that hz will be the same altitude as Hmin or the .next
nearest even km below it. Subsequent inner layer boundaries are
defined by the minimum altitudes of the corresponding zenith angles,
Zy» SO that a layer can include more than 1 shell with increasing
zenith angle. For example, with the observer at 30 km, the layer
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:
n-1
& (n) (n)
L e kZ:l AMetn. o8 et (3)
o sum @
o n,ntl
Here, Bn is the constant mixing ratio for the layer defined by H min(n)

(n-1) (n)
1’ e . Mk. Kkl is the
portion of the airmass between altitudes hk and h'k+l for path n. The

to hn the even km boundary below H

upper index n denotes the different paths for a given observer altitude.

(n)
The le’ bl
tables every 1 km, accumulated over the proper layers. In Eq. (3)

values are those tabulated in the airmass distribution

the summation in the numerator represents the correction to An due to

the absorptions in the outer layers, as each one is crossed twice. A

10
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smaller correction is A(n) = Blsqur(n) , where Mr is the residual
airmass outside h, in the sun direction, The inner layer n is crossed

1
once, but its airmass is twice that from H n(n) to h

mi n-1’
The corrections to An are by no means negligible. However,

a commonly used approximation is to neglect these corrections in
(n)

ntl

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

the numerator and replace Mn in the denominator by Mn' the

An
B n 2 SU M (4)
on
to H min(n) or a small altitude range above it. This approximation is

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

It can be a good

along the path is indeed concentrated near Hmin'
approximation only if the effect of neglected corrections in the numera-
(n)
tor are compensated for by the ratio Mn/ Mn. il so that
=1 M
(n) (n) n =
(An % 2SUo L BkMk. k+l -4 ) (n) An g
k=1 M
n, nt 1

Examination of the airmass distribution tables shows that for
many practical cases, this approximation can lead to errors from 5%
to a factor of 5.

Another commonly used approximation is to consider the absorp-
tion difference, An - An-l , and the corresponding to&:al airmass difference,
Mn g Mn-

1+ ®° that Bn is approximated by

A - Anl
2 = (5)

p ~
n (Mn - Mn-l)SUo

11
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(n)
min
approximation can be quite good if both An > A

and assigned to H as in the previous approximation. This

and M > M
n n

n-1 =

but in many practical cases An ~ A and Mn is not very large

n-1

compared to M unless z » 940. A combination of these conditions

’
n-1
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 overlapping lines. This can be done by
an extension of the method presented by Goldman et al. [1973a;
1973b], to be referred to hereafter as I and II. The extension
presented here 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 for the first one, the equations 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 different 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.

1 High Sun

The geometry for high sun data is shown in Figure 6, assuming
that atmospheric curvature and refraction are negligible. The balloon

altitude H »H corresponding to specific measurements, are

1o Hyo

shown on one radial line, and the zenith angles 91.... ’ON increase

(in this case) with altitude. At each altitude, Hn’ a ray n intersects
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Fig. 6. Solar 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 On; Ho
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/cmz)

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

altitude Hn' The monochron;:tlic absorption coefficients, kv(j), are
calculated once for each layer using the effective tempterature and
pressure (as in I and II).

For the first path from Hl at 91. a one-layer (from Hl to HO)
monochromatic absorption is assumed according to

-k, (1)U(1,1)
Al(u,Hl) =1 i " (6)

where kv(l) is the absorption coefficient at frequency V, accumulated
from the individual absorbing lines (the first layer). U(1l,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(l,1) is reslanted according to
U(2,1) = U(1,1) sec Ozlsec 91 ; (7)

and the absorption in Eq. (6) is recalculated with this new gas amount
and denoted by Az(v, Hl), the absorption in layer 1 along path 2. The
absorption equation for path 2 is given by

-ky(2)U(2, 2) -kv(Z)U(Z. 2)
AZ(V.HZ) = [l-e ] + Az(v.Hl)e : (8)

and the iteration procedure derives U(2,2). Similarly, for path 3 the
two previous gas amounts are reslanted to derive U(3,3). In general,
for path n from altitude Hn at On. the previous (n-1) gas amounts are

reslanted according to

14
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U(n, j) = U(j, j) sec Gn/sec 9J for j=1,...,n-1 , (9)

with which An(v, Hn-l) is calculated. The absorption equation for path
n is

-kv(n)U(n, n) -kv(n)U(n, n)
An(v, Hn) = [l-e ]+ An(v. Hn-l)e & (10)

for n = 2,...,N,

An(u, Hn 1) is the absorption of layer n-1 along path n. U(n,n) is
the gas amount in layer n derived successively. Note that after
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 (Hl) 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 0 factors, 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 I-Il and
Ho (the top of the atmosphere) with the total airmass along the path
denoted as M(0,0). This can be used to derive the corresponding
gas amount U(0,0). The second path, ray 1, passes below the horizon,
defining the first inner layer from H2(=H;nin) to I-ll (=H observer)
with the corresponding airmasses 2M(1,1) and M(1,0). 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(l1,0), the gas amount between H

and Hl along ray 1, replaces U(0,0) according to

U(1,0) = U(0, 0)M(1, 0)/M(0,0) .

Substituting into

-'kv(O)U(l, 0)
AZ(V.HI) = l-e -

and then Az(v, Hl) into

-kv(l)U(l. 1) -k (1)U(1,1)
A,(WH,) = [l-e 1 +A,(H))e

yields

U(1,1), the gas amount in the layer H --H2 along ray 1.

1

Consecutive paths of n22 each serve to derive a new gas amount

0

(11)

(12)

U(n, n) for the innermost layer n defined by the boundaries H;nm to

min .
Hn-l (i. e., Hn+1

adjusted according to

U(n, j) = UG, j)M(n, j)/M(,j), j=0,...,n-1.

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

the gas amount and airmass for the previous innermost layers

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

layer n.

to Hn)' after the outer n gas amounts have been

(13)

The absorption coefficients for a low sun path can be calculated

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

17 A

i.



of the ray path with the ray tracing program. Strictly speaking, when
a given layer is traversed by different low sun paths (as in Fig.7),

a different value of Peff occurs for each path through the layer. How-
ever, it was found that for the analysis of the type of experiment
reported here, a single Peff averaged over all of the paths can be used
(see below). Typical cases are shown in Tables II and III. Without
this approximation the absorption coefficients for a given layer, which
depend on Peff' would have to be recalculated for each path.

Tables II and III show the airmass distribution and the effective
pressure values for two typical cases, at 30 km and at 40 km. The air-
masses again are given in units of 1 airmass = 2. 153x1025 molecules/
cmz. The pressure is given in Pascals (102 Pascal = 1 mb). The
upper 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 inner layer bound-
aries as defined by the minimum altitudes Hmin and airmasses and
effective pressures along the different low sun paths. For rays
2,3,...N, the airmasses 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 factor 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

to HO' with the pressure at H, negligible. Also

shown in the I;wer part of the tables are effec(::ive 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 paths.
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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 over the layer

of interest is sufficient.
C. Photochemically Active Species

The application of the above methods to photochemically active
species, such as NO and NOZ' 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 Hmin' 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_, but very pronounced for NO. In order to

2'
determine the magnitude of the effect on these constituents (which

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

- for NO and NO. were used to determine how this variation would

2
affect the interpretation of such spectra. The technique used to

generate these time-dependent profiles is given by L. R. Megill
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 <:m"1 with S = l.OxlO"19 cm-l/(molecule cm-z) at

300°K and ground state energy of E'" = 80.3 cm-l. and the NOz four
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lines group [Goldman et al., 1975], including spin-splitting, at 1604, 57
cm-l with S = 4, 6x10-19 cm-I/(molecule cm-z) at 296°K with E" =

97.8 qm-l. 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_ at 930 from 30 km. Within the (small) temperature dependence

2
these distributions are proportional to the gas amount distributious.

Figure 8 shows that most of the NO absorption is distributed
widely over the portion of the path between Hmin and 40 km in the
sun direction. If the data are analyzed on the basis of a non-time-

dependent distribution 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 platform side. In some cases there

is no absorption on the ''dark' side, which ca result in a 50% error
in mixing ratio derived for the layer. If one of the approximations is
used (e.g., a one-layer calculation which assumes that the absorption
takes place in a narrow layer above Hmin’ the inferred NO mixing

ratio could be in error by an ordgr of magnitude. In the case of NOZ'
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. However,

as mentioned above, approximate calculations can result in large errors.

] IV. Personnel

The major calculations performed in this report represent exten-
sions of programs developed by the Upper 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 this 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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V. Reports and Publications

As indicated in the text, this report contains summaries of three

reports issued as part of this project. These are:

1.

Goldman, A., G.R. Cook, D.G. Rolens, and D.G. Murcray, On
the Interpretation of Infrared Sunset Spectra for Altitude Distri-
bution of Atmospheric Trace Constituents, Scientific Report

No. 1, Contract No. DOT-FA77TWA-3949, Federal Aviation
Administration, Dept. of Transportation, by Department of
Physics, University of Denver, Denver, Colorado 80208, Nov.
1977,

Goldman, A., G.R.Cook, D.G. Rolens, D.G. Murcray, L. R. Megill
and W.Abdou, On the Interpretation of Infrared Sunset Spectra
for Altitude Distribution of Atmospheric Trace Constituents, by
Department of Physics, University of Denver and Center for
Research Aeronomy, Utah State University, 1977,

Goldman, A., and R.S.Saunders, Analysis of Atmospheric Infrared

Spectra for Altitude Distribution of Atmospheric Trace Consti-
tuents, I. Method of Analysis, in press, J.Q.S.R.T., 1978,
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Appendix A

"Temporal Variations of Minor Constituents at Twilight'
L. R. Megill

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., NO,, C10,, Hox, and CFMS) from 10 km above the
ground level up to 80 km, during sunset. In the calculations, the solar
zenith angle varies from 80° to 95°. 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

s-t—=p'L (1)

where P and L are the photochemical production and loss terms, respec-
tively. The vertical transport processes are ignored in the present
work since the 15° 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
used. Figure 1 represents the basic reaction schemes considered in the
present study and a listing of the reactions involved is represented in
Table 1. The rate constants of the chemical reactions used are mostly
recommended 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-1
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The starting profiles for most of the species were found in the lit-
erature only up to 40 to 60 km. These profiles were extrapolated up to 80

km using the scale height equation

N=N, o H

(2)

where H is the scale height, N is the concentration at altitude z and Nz’

Z
the concentration at a height h above the altitude z.

Those starting profiles, especially of the sunset sensitive
species, are only approximate since they do not represen* 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 wherc

< A2 - o N (x,2)

Ji(x,x,w,z) =/ 95 M) ¢, (A) e mm'm a (3)
A
where i denotes the species, m denotes the major absorbing species, i
is the dissociation rate per molecule of species i (in sec'l), X and
A, are the wavelengths bounding the region of interest, x is the zenith

angle of the sun, z is the altitude, °i(°m) is the photon absorption




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 m along the path
from altitude z to the sun at zenith angle y, i.e., Nm
Single scattering is the only effect considered by the code in calcula-

= SN_secy dz.
g <3

ting the photodissociation rates. 0, 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 Megill (1970). The
absorption cross sections of 0, and Oy 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 O 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 106 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
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a 6 x 151 gridpoints representing height variation of 2 km (ranging from
10 km to 40 km) and solar zenith angle variation of 0.1 ranging from 80°
to 95°. 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, Noz, C10 and Cl1 are represented in Figure 4,5,6,

and 7, respectively.




TABLE (1)

a - Chemical Reactions Set

[ No. Reaction Rate Constant Reference
B NO + O ===—-—=+ NO, + O, 2.1x10"12exp-l;ﬁ
2. N0, + O ———-—+ NO, + O, 9.1 x 10712
3. N+ 0, ————=>NO+0 5.5 x 10712 exp -3220/7
a. N+NO ———=+N, +0 8.2 x 10 exp -410/T
5, NO, + OH + M ——-—HNO; + M [See below (*)
6. OH + HND; =———-—+ H,0 + NO;  [8 x T4
7. N + N0y ===+ N,0 + O 2.0 x 107 exp 22
8. NO 40 + M ————N0, + M 1.55 x 10 2ep 34
9. NO, + HO, + Ny =———m=s HONO,#Np [1.0 x 10732
10. N + 0y =mmmmmmmm —— N0 + O, 5 x 1072 exp 220
11. NO, + O =——=—-—>NO; + O, 1.2 x 10713 '2:50 e
12. OD + NO —==—=— N, + 0, 5.5 x 10711 2
13. OID + NyO =—=—==— ND + NO 5.5 x 10" L1 g
14. oD + H,0 ~—-——— OH + OH 2.3 %1670 g
15. olD + CH, —--—— OH + CH3 1.3 x 10710
16. O + Ny + M ————— N0 +M  [3.5 x 107’
17. OID + Hy =—m—-——— OH + H 9.9 x 10711
18. oD + Ny ——mmmmmr 0 + N, 2 x 107! ep B2
19. oD + 0y ~————— 0 + 0, 2.9 x 107 exp 67/1
20. olp + 0y ~—-—-— 0, + 0, 1.2 x 10720
21. Olp + 0y ———--—= 0, +0 + 0 [1.2x 1070
22. 0D + Hol =——mmeems OH + o1 1.4 x 10710
23. olD + CFely ——-——— CFel, +clo (2.3 x 10710
2. OID + CFpply =—===———r CFpel +ol0[2.0 x 10710
25. O + HOp —————s H,0 + 0,  [3x 1071
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TABLE (1) continued
a - Chemical Reactions Set

No. Reaction “Rate Constant Reference
-12 =500
26. mz + HO2 ————— H202 + 02 5x 10 exp ———
27. OH + O ===——=e——— Hzo +0 1.0 x 10"11 exp -550/'1'
-13 -1525
2. HO, + Oy =—==——> O + Op+ 0, | 1.0x 107"~ exp =5
29. OH + 0y —=—=—— HO, + O, 1.5 x 1072 exp 1900
30. OH + 0 —-——=——H + 0, 1.0 x 10710 g =250/
31. O + HO, =—=—=— OH + O, 1.0 x 10710 exp 201
32. O + Hy0, === OH + HO, 2.75 x 10712 exp 21551
34. NO + I-Dz e s Noz + OH 1.5 % lo_ll exp -llgOT
35. B 0, Fecvee + OH + 0, 1.2 x 1020 exp ____-s?o
-32 +900 |
36. OH + OH + M —=-——> H,0, + M 1.25 x 10 °° exp — -
37. OH + Hy0, ———-—+H0 + KO, | 1.0x 10T exp ~%/1 o
=)
- OB +00) vl Ol B 1.4 x 10713 §
-12 -1710
39. OH + G‘l4 e e Hzo + CI'I3 2.35 x 10 exp T 5.
40. el + 03 ————————— 2lo0 + 02 2.7 x lo"ll ep "'257/T E
4]1. clo + 0 =——e—e———— ol + 02 7.7 % 10"11 exp -130/,],
2. clo + NO ——-——=> cl + NO, 2.2x 1071
43. OH + Hol==———— —- ol + HZO 3 x 10‘12 exp -425/T
44, el + Gy =ty Hel + CH3 7.3 x 10-12 exp “1260/'r
45. el +Ho, ———-—> Kol +0, 3 x 107
46. elo 4+ m2+N2—-—+ cloN02 + N, 5.1 x 10-33 exp +1233
47. O + Hel --—=--——> cl + OH 1.4 x 10711 e —3370,4
29. ol +Hy —==——— Hel +H 3.5 x 107 exp “22%07
50. ol +H0) ——-—s el +H0, | 1.7x 1072 exp 041
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TABLE (1) continued
a - Chemical Reactions Set
No. Reaction - Rate Constant Reference
51. ol + HNOy =—=—==— Hol + NO3 1 x 107 exp 270/ A
52. O3 + 0 =—mmmmme—— 0, + 0, 1.9 x 107t g ~B00/,1 4
53. Op # 0+ M ——-——s 05 + M 1.07 x 10 exp212 B
54. 0O+0+M————r 0, + M 8.0 x 1073 A
55. Hy + O ——--———— H + H0 2.3 % J.o'11e9<p'245°/1~ A
56. HO, + H —-——— H, + 0, 1.0 x 1071 A
57. CHy#0,#M ~—===——sCH,0, 1 36200 A
58. OlD + M —mmmmm—e—m0 + M 6.0 x 310 A
59. HO,#NO;#M —=—=———HO, N0, 1.97 x_%g'n S 8
60. }D2+N0----—--—+ Ho+m2 3 x10 e=>p —— D
61. HONO ol ——mmmmms Fol + Oy#N0, | 1.7 x 10 exp ~2%%/1 D
62. HO,NO, + O ===—=— OH40,+NO, 2.75x107%2 exp 2125 ¢ D
63. @ + OH —~——=m=— H + 00, 2.1 x 1023 exp “T1 A
64. CHy0 + HO, —=———> CH;0,H + O, 3.0 x 10 egp ~00/T A
65. CH0 + 0, ————=-— CH,0 + KO, 4.2 x 10 Baxp - 30,5  »
66. N+ O ey 80 + B 5.3 % 10 ™ A
67. N + HO, —=-—-=—— NO + OH 2.0 x 10710 A
68. HO,NO, —~——-—— H,0 + O, 1.0 x 10 Mexp -"91 D
69. NO, + NO, + M ——— N205 +M See below (**) B
70. CH;0, + NO -=—=-—» CH,0 + NO, 1.5 x 10'12a<p’5°°/r A
7. CH,O + OH ==nnm- — 1,0 + €D 14.% 07 A
72. QO + 0y ~—==——— HO, + CO 1.7 x 10722 A
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(A) Crutzen, 1977.

(B) Atmospheric Enviromment, Volume 9, 1975, page 1045.

* k for reaction 5 is given as

5 kg 8 + 7vo[u] bl
T+ 7v°|ul + v_lu
k
where v_ = L
o ku

ko and ka are the low pressure and the high pressure limits
for the rates, respectively.

[u] is the air density

k, = 6.5 x 107227 anbs71

k, = 1.0 x 10 Hands1

**K for reaction 69 is given by the expression

kg 3+5v ]l o _
SErERIT g e
kO
wherev°= R—;asabove
k, = 1.9 x 10 an’s™"
k, = 3.8 x 10 an’s "t

=
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b - The Photoreaction Set

, No. Photoreactions Notes
; 1. O2 + hy ==—===e——=—> 0+0
2. 03 +hy -————————— O+ 02
3. o3 *hy == Oy +0y
4. m2 + hy —=—————+ N0 + O
5. m3 + hy —————— I\'Dz + 0
6. N205 + hy ==———————r mz + N03
7. H)0, + hv ——————— OH + OH
8. H NO5 + hv ——— OH + NO,
9. HOy + hv —=——e—— OH +0 J values for H,0, are used
10. elo NOy+ hv —=—--—  NO, + elo
11. cZz + hy ——=c—e—— ¢l + ¢l
12. cely + Ay —=——=—s  cels +cl +ol
13. Poly + hy === CP% CFel,
14. CFycly + hv =—=———> ¢l + CFel
1s. CHeloF + hy ===——=> CHlF + ol
16. CH3cZ + Ry Secacmecas” CHy # el
17. CHy0pH + hv ====—-> CH3 O + OH
18. H02N02 +hy ===—=—  HO, + NO, J values for H,0, are used
19. N,0 + hy ——-—> N, + Ol
20. clo + hy ====——==——+ ¢l + o0
21, Hel + hy ==—=——+ H + cl
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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.G. Murcray
Department of Physics
University of Denver
Denver, Colorado 80208

Scientific Report #1
Coniract No. DOT-FA7T7TWA-3949
Federal Aviation Administration
Department of Transportation

Abstract

Quantitative interpretation of sunset spectra in terms of mixing
ratio altitude profiles of atmospheric trace constituents requires,
amont other things, a detailed consideration of the air mass distribu-
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 discussed for both sunset insensitive gases and sunset sensitive

gases such as NO and NOZ'

November 1977

*
Laboratory of Applied Mechanics, Denver Research Institute, Denver,
Colorado 80208

B-1




1. Introduction

A powerful infrared technique for the detection of trace constituents
is to observe atmospheric transmission spectra from an airborne plat-
form using the setting sun as a source. The main advantage of this
technique is the long path achieved through the atmosphere below the
observation point, which increases the spectral sensitivity of the method
to atmospheric trace constituents, In fact, within the last decade,
several trace constituents have been measured in the lower stratosphere
by this technique, e.g. HNO3. NO,, NO, CF,Cl,, CFCl1l,, CCl,, HC],

2’ &2
and HF.

3 4’

Quantitative derivation of mixing ratio altitude profiles of trace
constituents from sunset spectra requires a detailed consideration not
only of the spectral absorption lines but also of the geometry of the
optical 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, around which a significant portion of the total air
mass is concentrated. Thus, to a first approximation it has been
customary to assign the observed absorption to the vicinity of the mini-
mum altitude. In the present paper, we study in detail the air mass
distribution along such a path for an isotropic spherical atmosphere
divided into thin homogeneous shells. These distributions are then
applied to the interpretation of sunset spectra for sunset insensitive
-gases and also for sunset sensitive gases such as NO and NOZ'

The air mass distributions for the layers of an isotropic atmosphere
are symmetrical with respect to the minimum altitude and have
significant widths which depend on the zenith angle and the altitude.
In contrast, current time-dependent photochemical models predict that
the NO and NOz distributions are asymmetrical with respect to the
minimum altitude, especially NO as its concentration can change drastically

during the sunset period.
B-2
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The tables of air mass distributions produced in the present study allow
an accurate quantitative layer by layer derivation of the mixing ratio profiles,
assuming sunset insensitive gases, Common approximations are
discussed and compared with the exact method for the case of the
weak non-overlapping line approximation, The same method can be
extended to a line by line - layer by layer calculation, The air mass
distribution tables are then used to examine the difficulties associated
with the interpretation 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 NOz 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 Snider and Goldman (1975) and Snider (1975). A standard
midlatitude summer atmosphere, as tabulated by McClatchey et al.
(1972), and a wavelength of 5 yn have been assumed for the present
work. Typical air mass distributions, as well as the accumulated
distributions, for an observer at 30 km and apparent zenith angles of
92° and 94° are shown in Figs. 1-4. Table 1 is an example of the
corresponding tables and presents the numerical values for 940.
Similarly, air mass distribution tables and figures were made at
0. 5o steps from 90. 50 on, until the ray strikes the earth's disk, for
observer altitudes 15, 20, 25, 30, 35, 40, 45 and 50 km. These
are available along with NO and NO2 abgorptions in the Appendix C. The
0.5° step is dictated by the sun's disk (32 min of arc) and typical
spectral scan times (1 minute). The computer programs used
can easily be rerun for a different set of altitudes and sun angles.

For a given observer 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 figures are divided into two parts. The first part

includes the values from the minimum altitude, Hmin' to the observer
altitude; the second extends from Hmin towards the sun up to 100 km. 1
These two parts are separated by a vertical line at Hm’m in the figures
and by a space in the tables., The total air mass listed on each

figure is along the total path which includes the standard atmosphere

up to 100 km altitude. One air mass is 2.153 x 1025 molecule/cm2
(Snider and Goldman, 1975). The ray-tracing computations have been
performed in 250 meter steps for the 0 - 40 km altitude range,

1 km steps for 40-70 km and 5 km steps for 70 - 100 km, as explained
by Snider and Goldman (1975). The figures and the tables have been
calculated in 1 km atmospheric shells, so starting at Hmin the first
step can be less than or equal to 1 km until the nearest 1 km shell
boundary is reached. Thereafter, the steps are the 1 km shell

steps. Figure 5 is an example of ray geometry and air mass
distributions along various paths. It is seen in Figs., 1-5 that the

air mass distributions are symmetrical around Hmin and have signifi- 1
cant width., There is always less than 50% of the air mass between
Hmin and the observer and more than 50% between Hmin and the sun.

The air mass tables are extended to an arbitrary altitude, H_,, which

f'
is 10 km above the altitude of the observer 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 Hmin

to Hf, and the residual 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 sides of

Hmin which are also relative to the total air mass. It should be 3
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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 last line
tabulated in Table 1 as 39.0 km represents the 39 - 40 km shell, 1
The tabulated zenith angles are along the path, at the intersection 1
points of the altitude boundary listed. An example of these values
along the 92° path are shown on Fig. 5. Thus, Hmin is always at
90o and the angles in either direction from Hm'm complement one
another to 180°, one increasing and one decreasing from the 90°
value. The tabulated pressure (in Pascals, 1()z Pascal = 1 mbar) and 1
temperature are average values over the shells. The effective

temperature and pressure in the tables are defined by
Peff = IPdm/ I dm and Teff = J' Tdm / I dm ,

where dm 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 under the columns |
A(P-dm) and 4(T-dm). The air mass increments are listed under AM.

The 1 km step values are accumulated along the path from Hmin in both ]
directions under the column ACCUM AM. 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 path under the ACCUM A(PATH) column. Thus, for 30 km

at 930, the geometrical path from the observer to Hmin is 338 km and
for 94° 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.




For a uniformly mixed gas in an isotropic atmosphere, the gas
amount distribution is proportional to the air mass distribution,
Further, in the weak-line approximation the gas amount distribution
is also proportional to the integrated absorption distribution, within
the temperature 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 interpretation of infrared sunset spectra
Denote the observed integrated absorption at different apparent
zenith angles z saey by A A

altitude, h

z , for a given observer

| < )l - e
1° Without a loss of generality, assume that h1 is an
integer km altitude. For simplicity of the discussion, the weak
line approximation is assumed, so that the integrated absorption
A, is given by A(cm-l) =8 (cm-llmolecule cm-z) U(molecule/cmz),
where S is the integrated line intensity and U is the absorber amou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>