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Abstract: A method to compute the solar radiation extinction by the molecular oxygen in the atmosphere
was developed. Absorption and single scattering towards the observer were included in the extinction model.
Plane parallel atmosphere divided into layers with equal thickness was assumed. A computation following the
“line-by-line” method was applied — the calculations were implemented consecutively for each rotational line from
A (0,0) band of the oxygen atmospheric system. Study of some needed input parameters was carried out. The
optimal number of included transitions and the optimal values of the atmospheric layers thickness and of the
upper limit of the atmosphere were estimated. In the purpose of the study, the radiation extinction at different
angles of observation and using different atmosphere model parameters was computed. The profiles of the
separate rotational lines were obtained and the equivalent widths were calculated in the optimal way. The
dependences assuming strong absorption were built for different models and different observation angles. The
corresponding temperatures and atmospheric heights were obtained.
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Knrovyoeu dymu: ammocghepHa cucmema Ha Kucriopoda, abcopbuyusi, eOHOKpamHo pa3celisaHe

Pesrome: Cn3dadeH e memod 3a rpecMsimaHe Ha eKCMUHKUuUsma Ha ClibH4Yegama paduayusi om
MorneKynHusi Kucriopod 8 ammocghepama. B modena Ha ekcmuHKyusima abcopbuyus u edHoKpamHoO pascelisaHe
8 rocoka Ha Habnrdamens. Pasanexda ce nnocko napasnenHa ammocgepa, pasdesnieHa Ha crioege ¢ eOHakea
OebenuHa. [lpunoxeHo e npecmsmaHe o mMemoda JIUHUS MO JUHUS' — u34uc/lieHusima ca U38bpuweHU
rnocrnedosamesniHO 3a 6csika pomayuoHHa JsuHus om usuyama A(0,0) Ha ammocghepHama cucmema Ha
kucnopoda. NposedeHo e u3criedsaHe Ha HAKOU HEObXxo0uMu 8x00HU napamempu. OUeHeHU ca onmuMasnHuUsm
bpol ekmYeHU npexodu, onmumasiHume cmouHocmu Ha OeberiuHama Ha ammocgepHume crioege U Ha
guUCOYUHama Ha eopHama 2paHuua Ha ammocchepama. 3a uyenume Ha u3crnedsaHusima € fpecMemHama
eKCmuHKyuama Ha paduayusima rfpu pasfuyHuU befu Ha HabmodeHue u npu pasnuyHu napamempu Ha moodesna
Ha ammocgbepama. [NonyyeHu ca npochunume Ha omdesTHUME POMayUOHHU NTUHUU U eKeueasleHmHuUme um
WUpUHU ca npecMemHamu o onmumarneH HaduH. [locmpoeHu ca 3asucumocmume rpu npedrnosioXeHuUe 3a
cunHa abcopbuusi 3a pasnuydHu ammocghepHu Modenu U U pasnuyHU benu Ha HabnwodeHue. [lonyyeHu ca
memnepamypume U cbomeemcmeauume 8UCOYUHU npu cmaHdapmHa ammocgepa.
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Introduction

Molecular oxygen is one of the main atmospheric constituents and that's why its extinction
bands are between the strongest ones in the observed solar spectrum. A number of computations of
the oxygen absorption (e.g. in [1, 2, 3, 4]) and studies of the O, scattering in the atmosphere [5, 6, 7]
have been carried out.

In this work a method to compute the solar radiation extinction in the atmosphere is used
when the solar radiation is registered at a given angle to the horizon. The method is described in detalil
in [8]. In the model absorption and single scattering by the oxygen molecules towards the observer are
included. The absorption in the visible range is strongest in the atmospheric system of O. In this work
we examine the A(0,0) band of this system.

The present work has 2 basic goals: to optimize the computations and to make a theoretical
estimate of the expected differences between the results obtained for different conditions.

Atmospheric model and methods of computation

A plane parallel atmosphere was assumed. The absorption above the considered upper limit
was neglected. The atmosphere was divided into parallel layers with equal thickness. Every layer was
considered as homogenous and was characterized by a single value of the parameters n, T and p.
The concentration n, the temperature T and the pressure p were determined from the used
atmospheric model.

Sunlight was considered as a parallel beam. During observations under different directions
below the Sun current position (different angles towards horizon) and assuming single scattering in
every observation direction rays scattered at different altitudes in the atmosphere are registered.

The principal scheme used for the computations for the assumed atmospheric model is shown
in fig.1. The observation is carried out from point A under angle a towards horizon, in direction I;. The

Fig. 1. Principal scheme of the O, extinction computations under angle a towards horizon. The calculations for
every considered ray are divided into 3 parts: calculation of the absorption from the upper edge of the
atmosphere to the layer where the ray crosses the direction of observation I, (point O), absorption and single
scattering in direction Iy in this layer and absorption of the obtained radiation from this layer to the Earth in the
direction of observation.
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line of observation intersects the upper limit of the atmosphere in point L. The zenith angle of the Sun
is 6, the direction to the Sun from the point of observation A (l) crosses the upper limit of the
atmosphere in point L. Rays, crossing the direction of observations in every atmospheric layer are
included in the calculations, i.e. the number of rays is equal to the chosen number of atmospheric
layers.

Let's look at a ray starting from point B at the upper limit of the atmosphere (fig.1). It crosses
the direction of observation in i-th layer with parameters n;, T; and p; (point O). The computations can
be divided into 3 principal parts: 1) calculation of the O, absorption from the upper limit of the
atmosphere to layer i-1; 2) calculation of the absorption and the single scattering of the transmitted
radiation in the direction of observation in layer i; 3) calculation of the absorption of the obtained up to
here radiation from layer i+1 to the observer in the direction of observation, using as zenith angle
0=90°-a. The theory and the computations of the absorption and the single scattering are described in
detail in [8] and the citations herein.

Optimization of the computations and estimate of the obtained results

In order to study the atmospheric processes and parameters, including temperature, based on
spectroscopic methods, to spectroscopic measurements implementation, the processes in the
atmosphere are to be modeled. The computed extinction spectra and the derived parameters are
intended to be compared with the measured ones. For this reason, precise theoretical spectra are
needed. Contrariwise, for more precise results, more sophisticated and time consuming calculations
are to be carried out. That is why an optimization of the computing process is indispensible to obtain
an adequate and satisfactory result and to facilitate the computations, as well.

Optimization of some input parameters

First, the number of lines to include in the computations was studied. All the lines, enumerated
in HITRAN 96 data base of Rothman et al. [9] were used for the calculations. We examined the (0,0)
band of the O, atmospheric system. The spectra of the P branch alone and of the P and R branches
differ considerably because of the strong influence of the intense R branch lines, broaden and
superimposed on the R branch spectrum. Thus it is necessary to make all computations for the whole
(0,0) band.

The second input parameter that we have studied was the atmospheric layers thickness. It is
important, because the number of considered rays and the computation cycles, respectively, depend
on it. Thinner layers presume a more correct result, but the computation time may reach inadmissible
length. Computations for layer thicknesses 5 km, 2 km, 1 km and 0.5 km were performed. The relative
differences between the obtained spectra for consecutive layer thicknesses are presented in fig.2. The
relative difference between the spectra with the use of 1 km and 0.5 km layer thickness doesn’t
exceed 0.1%. This difference was assumed low enough to be neglected. A layer thickness of 1 km
was assumed sufficiently low to obtain good results.

Another input parameter that influences the computations and the result correctness is the
upper limit of the atmosphere, assumed in the model. Usually, in O, spectra computations, a maximal
height of 100 km is used, and the O, presence at higher altitudes is disregarded. But the O,
concentration may be low enough at lower altitudes, too. Computations were made with the
assumption of upper limit of the atmosphere 100 km, 80 km, 60 km, 50 km, 40 km and the relative
differences towards the spectrum for upper limit 100 km were obtained. The result for 60 km and 80
km height is shown in fig.3. The relative difference for 40 km height reaches 0.5%, for 50 km height —

0.5 0.03
01 TN ‘ . (100-60)km
ES X
< 205 B #0.02 —(100-80)km
g ”l g
2 <]
g -l 5
& g
k= o dif (5.2 °
E 15 n.l.drf.(." 2) 20.01 | | YAt M W A
2 - -rel.dif. (2-1) 2
& -2 : o
° —reldif. (1-0.5) o) ”
~
Y . . : . . ‘ 0 . pll]] “M‘ 1
12850 12900 12950 13000 13050 13100 13150 13200 12850 12900 12950 13000 13050 13100 13150 13200
wavenumbers, cm’! wavenumbers, cm!
Fig. 2. Relative differences between the spectra Fig. 3. Relative differences between the spectrum
computed for atmospheric layers thickness 5 km, 2 computed for atmospheric height 100 km and the

km, 1 km and 0.5 km. In the parenthesis the used spectra computed for 60 km and 80 km height.
layer thicknesses for the spectra of the respective
relative differences chain are marked.
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0.09%, for 60 km height — 0.02%, and for 80 km height — 0.001%. Based on these results we admitted
that for our computations an atmospheric height of 60 km is enough for our model.

Study of the change in the spectra, computed under different conditions

Using the assumed optimal input parameters, spectra at the same zenith angle (ZA), ZA=30°,
under different angles of observation: 50°, 40°, 30°, 20° were computed. The stronger absorption for
the smaller angles of observation is seen in the obtained spectra. To approach the real measured
spectra, the computed spectra were convolved with a model triangle instrument function with half
width 0.4 A. The differences between the spectra under different angles of observation, and between
the convolved spectra were obtained. These differences are of the order of several degrees.

Computations with all O, isotopes were implemented, and the differences between convolved
spectra with and without O, isotopes are examined. The maximal contribution of the isotope lines is
about 7-8%. This result necessitates the inclusion of the O, isotopes in the computations.

Further we performed computations using different atmospheric models: yearly mean
temperatures, January and July temperatures from U.S. Standard atmosphere 1976. Convolved
spectra were obtained as well. The relative differences between the spectra by the listed models for
non-convolved and convolved spectra were studied. In fig.4 the differences between spectra (non-
convolved and convolved ones) by the use of yearly mean temperatures and July temperatures are
presented, for the case of ZA=30° and observation angle=50°. The maximal differences for the
convolved spectra are about 4-5 times less, near 1.5%. The maximal differences between the spectra
for different observation angles are in the frames of 1%.
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Fig. 4. Relative difference between the spectra obtained with mean annual temperatures and summer
temperatures for ZA=30° and observation angle=50°: left — non-convolved spectra, right — convolved spectra.

Computing of the equivalent widths

The equivalent width W, of a rotational absorption, resp. extinction line is a measure of the
area of the line. It is connected to the absorption energy.

To obtain the right equivalent widths, we computed separately the shape of every rotational
line. After that, it is necessary to extract correctly the baseline. First, we applied a linear fit below the
rotational lines. But a more detailed examination has shown that this way was not entirely right. In fig.5
the lower part of the wavelength interval under considerable magnification is presented. For better
clarity and to cover the whole range of lines, 3 lines were included: the first line (N=1), the last one
(N=45) and a line of the middle of the P branch, with N=30. It is clearly seen that the baseline was not
correctly extracted. Despite the maximal value that has to be extracted is 4 orders lower than the
maximal lines intensities, taking into account the longitude of the wavelength range serious
inaccuracies in the determined equivalent widths may occur. A polynomial fit of second order was
drawn under each line in fig.5. These fits have depicted well the baselines. In fig.6, the lower part of
the same lines is presented, after the baseline approach by a polynomial of second order. Such
approach is suitable for the baseline extraction.

Dependence between the equivalent widths and the effective temperature

The effective temperature represents the temperature which the gas would take, if the
temperature was uniform along the whole length of the atmospheric column, saving the internal gas
energy. It was obtained that T.; corresponds to the temperature at 6 km of altitude of the standard
atmosphere.
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Fig. 5. Magnification of the lower part of 3 Fig. 6. Magnification of the lower part of the same
rotational extinction lines of the (0,0) P branch lines as in fig.5 after the baselines extraction by a
after the baseline extraction by a linear fit. The polynomial of 2 order.

corresponding polynomial baselines and their
equations are shown as well.

Tef is defined as:
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The effective temperature is connected to the equivalent width. In the case of strong
absorption, the following dependence is obtained:

2 In(:\{—fzj = const — EOAM

NN eff 2

where S; is the line strength, J is the rotational quantum number of the lower level and Te is the
effective temperature.

The dependencies between In(W/S;;"°) and J(J+1)/2 at different observation angles for 3
cases: yearly mean, January and July data from U.S. Standard atmosphere 1976 were constructed,
using the determined theoretically W.. In fig.7 are shown these dependences for observation angles
50° and 15° The corresponding temperatures are calculated. These temperatures correspond to
atmosphere columns inclined towards horizon by 50° and 15°, respectively. At lower observation
angles higher corresponding temperatures are obtained, which agrees with the used model of the
temperature profiles.
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Fig. 7. Computed dependencies of In(We/S”l’z) on J(J+1)/2 at different observation angles for 3 cases:

yearly mean, January and July data from U.S. Standard atmosphere 1976. The trend is linear, confirming
the strona absorption. The correspondina temperatures are calculated.
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The obtained temperatures by the January, July and yearly mean data are correct in regard to
each other in reference to the used models.

These results confirm that the theoretically obtained extinction spectra and equivalent widths
are of good accuracy and may be used to model real conditions and analyze atmosphere processes
together with ground based extinction spectra measurements.

By the obtained temperatures, the corresponding standard atmosphere altitudes were
determined. In Table 1 the results for the corresponding temperatures and standard atmosphere
altitudes for the different models for some cases of absorption and extinction are presented. The
effective temperatures and the corresponding heights are included as well.

Table 1. Temperatures and corresponding standard atmosphere altitudes, obtained by the We dependencies

. o Extinction, ZA=30°, Extinction, ZA=30°,
Absorption, ZA=0 OA=50° OA=15°
us
Standard |-_||— L ; T:'"
1976
Januar 244.7 K 2529 K 243.93 K
y 6 km 4 km 6 km
Yearly 263.22 K 257.3K 263.3K 250.27 K
mean 4 km 5 km 4 km 6 km
Jul 267.0 K 271.0K 258.33 K
y 5 km 4.5 km 6 km

Conclusions

The optimal number of included transitions and the optimal values of the atmospheric layers
thickness and of the atmospheric height were estimated.

The radiation extinction at different angles of observation and using different atmosphere
model parameters was computed. The obtained differences were examined.

The profiles of the separate rotational lines were obtained and a way to calculate correctly the
equivalent widths was found out.

The dependences assuming strong absorption were built for different models and different
observation angles. The corresponding temperatures and atmospheric heights were obtained.

Based on the obtained results it can be concluded that the computation of the extinction
spectra and the equivalent widths is accurate. Therefore such computations can be used to model real
measurement conditions. By the use of theoretical estimates and spectroscopic measurements the
corresponding atmospheric temperature could be evaluated.
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