
14

Light & Engineering Svetotekhnika
Vol. 26, No. 3, pp. 14–21, 2018  No. 6, 2017, pp. 50–55

SIMULATION OF REFLECTED SOLAR RADIATION FOR ATMOSPHERE 
GAS COMPOSITION EVALUATION FOR OPTICAL REMOTE  

SENSING FROM SPACE

Mikhail Yu. Katayev1 and Andrei K. Lukyanov 2

Tomsk State University of Control Systems and Radio Electronics, Tomsk 
E-mails: kataev.m@sibmail.com; hyena116@mail.ru

ABSTRACT

At present, in optical remote sensing of atmos-
phere from space, a new problem class appears: 
to determine little gas components (carbon dioxide, 
methane, etc.), which cause greenhouse effect. Con-
centration of these gases in atmosphere is less than 
one percent, which rigidly limits accuracy of sa-
tellite measurements and of simulating spatial con-
centration of the radiation (signal) flow reflected by 
Earth. In the article, a description of simulating sig-
nals received by satellite spectrometer in near-in-
frared spectrum region is given. The signals are 
solar radiation passed through an atmosphere lay-
er and reflected from Earth surface. It is calculated 
based on parametrical radiation atmosphere scatter-
ing and absorption model, which takes into conside-
ration both multidimensional atmosphere parameter 
structure and Earth surface relief. Accounting such 
information allows you to go from measurement of 
spatial radiation flux to calculations of gas concen-
tration for an arbitrary geographical Earth surface 
point and for any time point. As an example, calcu-
lations for Fourier spectrometer for spectrum mea-
surement near IR region with an average spectral 
resolution are presented. The spectrometer was in-
stalled on the GOSAT satellite of the Space Agency 
of Japan. A comparison of computed and of really 
measured values of the signal received by the sa-
tellite shows that deviation for the Sun zenith angle 
equal to 30o does not exceed 3 %.
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1. INTRODUCTION

Satellite environment monitoring is a compre-
hensive and regular environment state observa-
tion system (Earth atmosphere and surface). Pro-
cessing and analysis of the measurement results 
obtained during various time periods allows esti-
mate trends of changing the state of Earth atmos-
phere or surface parameters under influence of na-
tural and anthropogenic factors. A success of these 
data application in various science and practice 
fields depends on many components: on mathema-
tical simulation of instrument measurement base, 
on radiation expansion in atmosphere (account of 
scattering and absorption effects), on reflections 
from Earth surface, on methods of the reverse prob-
lem solution, etc.

There are various ways of optical classifica-
tion methods of atmosphere gas composition control 
from space. Depending on the used radiation source, 
optical methods are divided into passive (extra-at-
mospheric radiation sources, own and scattered at-
mosphere radiation) and active (laser and thermal 
sources). By physical effects of radiation interac-
tion with environment, passive methods can be di-
vided into three groups: 1) transmission (transpar-
ency method); 2) emission (own radiation method); 
3) scattered radiation method. By experiment geo-
metry, nadir and limb methods can be mentioned 
(Fig. 1). Active methods are divided into local and 
remote. Local (in situ) methods are measurements 
of some gas concentration in a given local point 
in relation to the obtained air specimens.
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Difficulties of gas composition analysis using 
optical methods are as follows:

а) There are constantly two absorbing compo-
nents in atmosphere (H2O and CO2), which absorp-
tion spectra cover practically all IR range, where 
main absorption bands of other atmospheric gases, 
both basic and anthropogenic are located;

b) Earth atmosphere is non-uniform in time and 
space by thermal, gas and aerosol composition;

c) Along with height structure of gas composi-
tion and atmosphere temperature, turbulent environ-
ment fluctuations are constantly present;

d) There is a mixture of aerosol particles in at-
mosphere, which is unstable and complex by the 
composition. These particles absorb and scatter 
radiation;

e) Most atmospheric gases have very little 
concentrations.

Nevertheless, optical methods are broadly ap-
plied in practice of atmosphere gas composition mo-
nitoring [1–5].

Among all mentioned methods, most widespread 
are passive methods of measuring atmosphere para-
meters. They have a number of advantages: a high 
sensitivity, a high spectral resolution and high mea-
surement accuracy, absence of exposure on the ex-
amined objects, a high level of instrument base de-
velopment, etc. The scheme B (Fig. 1) should be 
noticed, in which detector of the satellite device 
“looks” through atmosphere directly at the Sun, un-
like scheme C (Fig. 1). Among all measurement ge-
ometries, an advantage of nadir version consists 
in a possibility to obtain continuous spatial fields of 
various atmosphere parameters with a good perio-
dicity (from several hours to several days).

Optical measuring devices located onboard of 
spacecrafts are divided into multichannel devices 
(from several units to several tens channels) and hy-
per-spectral devices. Spectrometers and radio me-
tres of various classes are referred to the first de-
vice type, and Fourier spectrometers most often 
belong to the second type. The Fourier spectrom-
eters namely allow obtaining thousands of points 
with a high precision in spectral intervals from visi-
ble to infrared spectrum region. The obtained infor-
mation reflects all peculiarities of radiation expan-
sion in atmosphere.

Development of the instrument base and pro-
cessing of the measurement results are connected 
with application of models including characteristics 
of the device, of atmosphere and of Earth surface. 

The models, as a rule, take into consideration influ-
ence of various factors not completely (dependence 
on latitude and longitude, on measurement time, 
etc.) and influence of physical processes (device 
noise, atmosphere fluctuations, height and space
time parameter value variation, etc.). From the oth-
er hand, account of many factors highly complicates 
the calculation models and requires a development 
of the special algorithms and involving of the corre-
spondent computing facilities.

In this regard, there is a need to develop mo-
dels, which with a sufficient accuracy allow imita
ting the signals measured by satellite optical devi-
ces, as well as applying this information to exercise 
methods of solving reverse problems of atmosphere 
optics [6, 7].

Abilities of modern hyper spectral satellite de-
vices make it possible to solve fundamental prob-
lems of atmosphere physics, of climate, ecology, 
etc. During recent years, several devices of a high 
resolution were launched: IASI (MetOp satellite, the 
European Union) [8], SCIAMACHY (ENVISAT sa-
tellite, the European Union) [9], TANSO-FTS (GO-
SAT satellite, Japan) [10], which purpose is a recov-
ery of information on atmosphere gas and aerosol 
composition.

Study of climate-forming parameters is an im-
portant fundamental problem. Gas and aerosol com-
position play an important role in forming various 
atmospheric processes. Study of aerosol influence 
on recovery of atmosphere gas composition infor-
mation in global scale was a limiting factor, and 
there were no regular measurements covering a big 
territory.

Increase in concentration of some greenhouse 
gases (СО2, Н2О, СН4, N2O, etc.) leads to chan-
ges of radiation properties of atmosphere and as 
a result, to Earth climate changes. Modern evalu-
ations of various gases to atmosphere heating pro-
cess contribution show that relative contribution of 
СО2, СН4, and N2О is 60, 20 and 6 percents respec-
tively. One of the climate change criteria is global 
warming, which is a process of gradual increase 
in average annual temperature of Earth atmosphere 
and of the World Ocean. A position of the Intergov-
ernmental Panel on Climate Change (IPCC) of the 
UN is that since the beginning of industrial revo-
lution (the second half of the 18th century) avera-
ge on Earth surface temperature increased by 0.8 °C 
[11] and that a big part of the warming observed du-
ring the last fifty years is caused by the human ac-



Light & Engineering  Vol. 26, No. 3

16

tivity [12, 13]. Primarily, it was gas emission lead-
ing to the greenhouse effect: carbon dioxide (CO2) 
and me thane (CH4). As a whole, reasons of climate 
changes remain unknown and require a study of ra-
diation flows (ascending and descending), of gas 
and aerosol composition in atmosphere. In doing so, 
measurement points regularly and uniformly locat-
ed over Earth surface are necessary. Such measure-
ments are only possible using space methods.

And the former methods of interpreting satellite 
photometric information based to various extents 
on the curvefitting method are hardly applicable 
since curve coincidence in thousands points cannot 
be achieved. From the other hand, measurement ac-
curacy in each channel equal to not less, than 1 %, 
makes new strict requirements to radiation trans-
fer model in atmosphere: the calculation accuracy 
should be also not less than 1 %. This leads to the 
fact that well developed methods of solving the ra-
diation transfer problem for a plain layer of tur-
bid environment become unacceptable. Under such 
conditions, a strict account of light scattering fea-
tures in a three-dimensional environment is neces-
sary: a vertical non-uniformity of atmosphere, a rag-
ged cloud cover, an underlying surface profile.

Formerly, we made attempts to solve the prob-
lem of simulating solar radiation reflected from the 
surface [14]. In the proposed article, a development 
of some program is considered, which allows for 
any season and for any point of Earth surface com-
puting the reflected solar radiation taking into ac-
count three-dimensional atmosphere structure.

2. PROBLEM DEFINITION

Radiation coming to a Fourier spectrometer re-
ceiver “looking” at nadir on Earth surface con-
sists of two flows: solar radiation reflected by Earth 
surface, and solar radiation scattered over all at-
mosphere thickness. The ratio of these flow va-
lues depends on the solar declination angle: the 
more declination is, the more is contribution of the 
flow scattered in atmosphere. Having passed the 
way in atmosphere twice, total radiation flow re-
ceived by the Fourier spectrometer contains infor-

1 GOSAT (Ibuki) is a satellite of remote Earth sensing, which aim is monitoring of greenhouse gases (GOSAT and Ibuki are 
the same but the first name is connected with an English phrase “Greenhouse gases Observing SATellite”, and Ibuki in Japanese 
is breath). The GOSAT is equipped with infrared detectors, based on which data determination of general concentration of carbon 
dioxide and of methane in atmosphere is possible. These are detector of greenhouse gas observation (TANSO-FTS) and detector of 
clouds and aerosols (TANSO-CAI). In the spectrum registered by TANSO‑FTS, 1.6 µ and 2.0 µ bands in the spectrum near IR interval 
are used for observation of general concentration of CO2 and CH4. Total number of the spectral observation channels reaches 18,500.

mation on gas composition and on atmosphere aer-
osol filling. A purpose of this work is calculation of 
solar radiation flows received by a satellite Fourier 
spectrometer in the spectrum near IR area [15], and 
comparison of the obtained values with the mea-
surement results obtained by the GOSAT satellite 1. 
When calculating the signal received by the satel-
lite, use of new physical and mathematical models 
and methods is supposed. They not only increase 
the accuracy but also considerably accelerate the 
calculations.

Interaction of solar radiation with atmosphere 
leads to scattering and absorption. This interac-
tion is quantitatively determined by properties of 
atmosphere gas composition and by aerosol types. 
The radiation, which was reflected from Earth sur-
face or from clouds, depends on the surface relief, 
on the reflecting properties and on the temperature.

Some part of solar radiation, which has reached 
the satellite device, depends on the atmosphere ab-
sorbing properties and thus can be used to deter-
mine atmosphere gas composition.

3. MODEL DESCRIPTION

Solar radiation I0(λ) penetrates to Earth atmos-
phere under different angles depending on the sea-
son being subject to absorption and scattering by 
gases and by aerosol particles of atmosphere, as 
well as to reflection from clouds. Further reflec-
tion from Earth surface takes place, which is charac-
terised by types, every of which has its own spectral 
distribution of reflection factor, and by the relief. 
The reflected radiation passing through atmosphere 
and incident to the satellite device input, which is 
consist of many components (Fig. 1). The scatter-
ing can be singlestage and multiple, and reflec-
tions can be not only from observed Earth surface 
but also from clouds, from a surface beyond visual 
field of the device, etc. Different components make 
different contributions to the signals received by the 
device [16].

In the signal I(λ) received by the device installed 
at the GOSAT (further the GOSAT device), one 
can distinguish two main components: solar radi-
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ation flow I1(λ) reflected from the surface and ra-
diation singlestage flow I2(λ), which is scattered 
in atmosphere (Fig. 2), whereas other components 
make a little contribution (less than one percent) 
within 10o < θ0 < 60o interval of the Sun zenith an-
gle change.

Taking into account geometrical factors, surface 
types and seasons, the signal received by the satel-
lite is a multidimensional function of such para-
meters as spatial co-ordinates (x, y), wavelength λ, 
the Sun zenith angle θo, season t and altitude above 
sea-level h. With due regard for multidimensional 
formation of the signal registered by the satellite, it 
can be presented as [17],

I(λ) = I1(λ) + I2(λ), (1)

where:
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where
I0(λ) is the radiation of the Sun beyond Earth at-

mosphere; r(λ, x, y) is the spectral reflection factor 
of the surface; Rsurf(x, y) is the parameter responsi-
ble for relief; T(λ, x, y, θ0, H, t) and T(λ, x, y, θ0, h, 
t) are the atmosphere transmission along all opti-
cal route in atmosphere and at a given height h; θ0 
is the zenith angle of solar declination (in this work 
azimuth angle is not taken into consideration); t is 
the time, λ is the wavelength; ,x y  are co-ordinates 
of the point, αaer and αmol are attenuation factors due 
to aerosol and molecule scattering respectively; Ψaer 
and Faer are characteristics of radiation scattering 
by aerosol (single-stage albedo and scattering func-
tion respectively); μsun and μsat are directions to the 
Sun and to the satellite for an observation point re-
spectively (μ = 1/cos(θ)), H and H0 are thickness 
of atmosphere (100 km) and height of a local place 
above sea level respectively.

Atmosphere transmission can be found accor-
ding to the expression:
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Fig. 2. Main components of the signal received by a 
satellite

Fig. 1. Various versions of sounding atmosphere: A) nadir 
(method of thermal radiation –  MTR); C) tangent (trans-

parency method –TM); C) limb (MTI or method of reverse 
scattering –  MRS) and D) emission
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where 
0( ) 1 / cos( ) 1 / cos( )sun satm θ θ θ= + ;

( , , , , )x y h tτ λ  is the optical thickness of atmosphere;
( , , , , )gas x y h tα λ is the gas attenuation factor.

Radiation attenuation by gases can be found 
from the expression:

1

( , , , , ) ( , ) ( , , , ),
N

gas j j
j

x y h t K h x y h tα λ λ ρ
=

=∑  (7)

where ( , )jK hλ  is the absorption factor j because 
of gas, j = 1, …, N; ( , , , )j x y h tρ is the concentra-
tion profile of j gas at a preset height h and at a pre-
set time t.

Radiation reflected towards the satellite device 
significantly depends both on the surface type (due 
to its spectral reflection factor) and on the relief 
(Fig. 2). Form factor, which takes into considera-
tion relief parameters, is determined by expres-
sion [18]:

Rsurf(x, y)=cos(φp(x, y))/[cos(φn(x, y) cos(θ0)], (8)

where θ0 is the zenith angle of the Sun declination; 
φn is the tilt angle of a selected surface site; φp is the 
rotation angle of a selected surface site (Fig. 3).

4. DESCRIPTION OF THE SOFTWARE 
STRUCTURE

The problem of simulating radiation received by 
the satellite device is connected with calculation of 
direct and once scattered solar radiation and with re-
flection of radiation from Earth surface in spectral 

area of 1.5–2.0 µ. For each calculation part, its own 
priori information is necessary, based on which the 
calculation is carried out. This information should 
be global over space and should enclose time in-
cluding at least one year. It should be noticed that 
a part of the information is one-dimensional, for ex-
ample, spectra of reflection from different type sur-
faces, extra-atmospheric solar spectrum, etc. An-
other part is two-dimensional (Earth surface relief, 
Earth surface types (for example, water, wood, field, 
etc.). And meteorological information is four-di-
mensional. Therefore, before the calculation is per-
formed, all priori information arrays are reduced 
to one network interconnected by space (x, y, h), 
by wavelength λ and by time t. After this, calcula-
tion of the radiation received by the satellite Fouri-
er spectrometer is made. A flow chart of the calcula-
tion program of the signal received by a satellite is 
given in Fig. 4.

For three flight days (along a preset trajecto-
ry), the GOSAT device obtains information from 
12,600 geographical points (diameter of the obser-
vation spot is 10 km). In case when account of the 
points located over land is only carried out (about 
4000 points), it is necessary to compute of about 
half a million points a year. For each geographical 
point, there are 18,500 spectral lines for three Fou-
rier spectrometer channels. As a result, one should 
compute about 1010 spectral points during an ac-
ceptable time limit convenient for work, which, 
in our opinion, is no more than several hours. The 
last condition imposes rigid limitations on the cal-
culation speed, with a minimum deviation of the 
model from real measured values of solar radia-
tion reflected from the surface and received by the 
spectrometer.

Sets of priori data are formed of known sour-
ces of scientific information. For example, relief 
is taken from the Shuttle radar topography mis‑
sion data [19]. Absorption by gases is calculated 
based on the HITRAN spectroscopic base [20], me-
teorological parameters are taken from the NCEP 
[21] base, aerosol extinction factor is taken from 
[22], and solar spectrum is from [23].

Within known calculation programs, the signals 
received by satellites are only calculated for one 
spatial point. The program, which we propose, al-
lows calculating both for one point and along the 
satellite flight trajectory. For each point, a set of 
priori data (Fig. 4) is formed. Then for each set the 
program performs calculations of the signals re-

Fig. 3. Orientation layout of a site of Earth surface relative 
to visual field of the satellite device
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ceived by satellites [24]. If data read-out and cal-
culation acceleration techniques are not used, then 
processing time is long. Therefore we applied the 
MMF (Memory-Mapped Files) read out techno-
logies and elements of parallel technologies. The 
MMF technology allows applications working with 
files as well as they work with dynamic memory. 
A numerical experiment performed to search num-
ber of optimum flows when changing data volume 
from 64 kb to 1 Gb and with use of the MMF tech-
nology, shows that for reading from a file, most ef-
fective number is 4–6 flows. A paralleling consist-
ed in creation of elementary function groups and 

data sets for them, so that all computation nodes 
were loaded by calculations uniformly.

5. DESCRIPTION OF THE OBTAINED 
RESULTS

Because of its versatility, the considered task re-
quires a bigger computational cost, which in its turn 
requires involving highspeed calculators, program 
technologies and algorithms. The flow chart pre-
sented in Fig. 4 was the basis of a program operating 
by means of a computing cluster with transfer of 
a part of algorithms into a parallel operation mode. 
It made it possible to perform mass calculations for 
a comparatively small time, which is now equal 
to 12 h. A comparison of calculation results of the 
radiation arriving to the GOSAT device with the 
values, which are really measured for two points 
under the conditions of an absence of clouds are 
given in Figs. 5–7. Figs. 5a and 6a show a spec-

Fig. 5. Comparison of real (solid line) and computed 
(dashed line) of GOSAT signals (co-ordinates of a point are 

23.003o N and 14.869o E –  Sahara Desert)

Fig. 6. Comparison of real (solid line) and GOSAT comput-
ed (dashed line) of GOSAT signals (co-ordinate of a point 
are 64.054 0 N and 69.141o E –  a northern tundra region)

Fig. 4. Flow chart of the calculation program of the signal recieved by the satellite
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tral radiation process in the second spectrometer 
channel within 1.6 µm, and Figs. 5b and 6b show 
a part of the spectrum within carbon dioxide absorp-
tion band, which is used to solve a reverse problem: 
to determine CO2 general concentration.

One can see from the pictures that a difference of 
the model (computed) and of the real spectra takes 
place, and the main deviation reason is an unknown 
atmosphere state (meteorological parameters, gas 
and aerosol composition), as well as change of the 
surface reflective ability in the measurement point 
at a given atmosphere state. It should be noticed 
that for uniform surfaces, such as sand, the devia-
tion is less, and for non-uniform, when surfaces of 
several types are in the device visual field, this er-
ror is just over.

As a whole, if also to take into consideration the 
Sun illumination angles relative to the surface, the 
main deviation values are within interval from (4–
5)% to (10–15)% (Fig. 7).

The results given in Fig. 7 show that at big an-
gles of the Sun declination, the calculation model 
of the radiation received by the satellite spectrom-
eter gives a relatively big error when compar-
ing with real signals, which is a consequence of 
a simple scattering model use. However, if to take 
into account that the proposed program system al-
lows computing for a single-pass many data over 
Earth surface with a deviation from reality not 
worse than (5–10)%, then it is enough to carry out 
numerical experiments in order to exercise the re-
verse problem solution techniques, to develop devi-
ces and applications.

6. CONCLUSION

Use of space measuring equipment when solving 
practical problems makes new requirements to mo-

dels of transforming solar radiation in the “earth sur-
face- atmosphere” system taking into account a spe-
cific character of an instrument measurement base. 
Determination accuracy of the atmosphere optical 
characteristics depends on the mathematical model 
of radiation transfer and on the relevant priori infor-
mation. To account factors influencing formation of 
the measured radiation when solving equation of ra-
diation transfer in three-dimensional version, one 
should as much as possible completely take into con-
sideration both: spacetime environment fluctuations 
and features of the reflecting surface. The results of 
the presented work allow expanding possibilities of 
simulation programs of radiation transmission and 
transformation in atmosphere for a more precise 
solution of the optical remote sensing problems. 
Taking into account the multidimensional structure 
of space and time changing in the atmosphere para-
meters is a new element of the received by satellites 
signals calculating. Use of the atmosphere param-
eter model presentation limits accuracy of the cal-
culated signals because of a considerable time and 
space averaging, which does not allow obtaining de-
tailed information on signal variation. The proposed 
program makes it possible to compute the signals 
received by satellites for any spot of the globe and 
for any season. The obtained results give evidence 
of acceptability of the calculation quality of the re-
ceived GOSAT signal ((5–10)% in comparison with 
the real measurement results). It should be notice 
that obtaining more precise results requires construc-
tion of a new model of aerosol scattering and reflec-
tion from the surface.
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