RESEARCH Revista Mexicana déskca63 (2017) 238-243 MAY-JUNE 2017

The retrieval of ozone’s absorption coefficient in the stratosphere
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This study modifies the Monte Carlo Multilayer (MCML) algorithm to simulate the propagation of light while using an authentic model of

the atmosphere as a proposal. The modified algorithm determines the diffuse reflectance as the coefficients of absorption and/or scattering
change. Hence, spectral curves of diffuse reflectance are obtained from the simulations and are adjusted with the trigonometric series using
the Fourier expansion. The absorption coefficient of the ozone in the stratosphere is retrieved in terms of Fourier’s coefficients.
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1. Introduction tion to the solution of the ETR. This is because it only of-
fers a solution through the differential equation of heat which
The Earth’s atmosphere, which is essential for life, behavebas user restrictions. Similarly, the Kubelka-Munk theory is
as a perfect multilayered turbid medium with absorbents an@nother approximation of the diffusion approximation as it
scatter elements. When sunlight strikes the atmosphere, it caamly applies to specific geometric conditions. On the other
be reflected, absorbed, scattered or/and transmitted. Each lafind, the numerical Monte Carlo method is suitable when it
these phenomena occur depending on the atmospheric co@emes to multiple scattering environments with complex ge-
position. The stratosphere contains ozone as a major alpmetric configurations [7]. Ultimately, the Fourier series de-
sorbent element. The intensive absorption peaks of radiggicts another attempt to solve the ETR. Although it is math-
tion by ozone occur in wavelengths that range from 240 teematically complicated, it only concludes that it is possible
320 nm. Simulating the propagation of light through the at-to apply Fourier series in the radiative transfer calculations.
mosphere which is a complex geometry medium is not easylowever, a study that provides a concise solution through the
This is because the atmosphere has an extensive compositivge of this method does not exist.
and undergoes continual changes. Currently, there is still a The advancement in computers’ management of data has
problem with calculating the optical parameters of the atmoallowed to use numerical methods for the finding of a solu-
sphere which are the absorption coefficient, scattering coeffijon to the ETR. Furthermore, the use of Monte Carlo’s nu-
cient, anisotropy factor, and refractive index. merical method to obtain a solution for the ETR has allowed
The way in which the propagation of light in earth’s at- designing optical diagnostic techniques that are noninvasive.
mosphere is studied is through the Radiative Transfer theory. |n this regard, the numerical Monte Carlo method be-
Such theory appears with the studies of electromagnetic radiomes relevant, and when coupled with the rise of computing
ation in the interstellar medium [1] which triggers the radia- power, a diagnostic tool emerges. Monte Carlo is a pow-
tive transfer equation (ETR). The ETR determines the properful technique used for solving complex problems. In this
agation of light through the specific intensity [2]. However, method, computers simulate the behavior of real world sys-
it has not been trivial finding a deterministic solution to thetems based on a statistical sampling theory and probabilistic
ETR. analysis of complex physical systems [8]. In the ETR absorp-
There are several analytical attempts to get a solutiontion (1.,) and scatteringy(;) coefficients, and the anisotropy
such as the theory of diffusion approximation [3], the sim-factor (g) [9], appear because they are optical parameters
plified theory of Kubelka-Munk [4], and numerical attempts, used in the simulations. These coefficients depend on numer-
which are seen in the case of the Monte Carlo method [5]ous factors including the properties of the medium and the
In addition, a distinct method that has been tried in order tovavelength of the incident light. In simulations that utilize
obtain the ETR solution is the decomposition of Fourier senumerical Monte Carlo method, it is possible to define the
ries [6]. However, the study in which the diffusion approxi- rules of photon propagation in the form of probabilistic den-
mation is used has its limitations and is only an approximasity functions which describe the probability of absorption or
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scattering. This provides a flexible solution to this problem
and allows deriving a methodology to decode the information
associated with radiation distribution through a turbid media
such as the atmosphere.

Thus, behind all the management of nhumbers and data
through Monte Carlo the idea is to retrieve the absorption co- . !
efficient of ozone in the stratosphere through the trigonomet—v" y’ o v s Absorptlon
ric adjustment of the diffuse reflectance spectra. The spec P : Scatterino
tral data is adjusted with the trigonometric series using the . =)
Fourier expansion to find dependence between the terms o
the expansion of the Fourier series and the absorption coeffi
cient of ozone in the stratosphere. As a result, a method that*=
alloyvs relating the para_meters of_the adjustgd spectral CUNVES 5 URE 1. Atmosphere Light Propagation.
of diffuse reflectance with the optical properties of the strato-
sphere emerges.

STRATOSPHERE

. Absorption

2. Atmospherlc Model Carbon Dioxide, CO, +Nitrogen Dioxide, NO,
+ Oxygen, O, + Water Vapor, H,0 + Ozono, Oy

The National Aeronautics and Space Administration [10] de- u, = 0.03* u,H,0+ 0.9 u 03"+ 0.03
fined in its rules the U.S. standard atmosphere as a steady * 1,05+ 0.03 *u,NO,
state representation of the first 100 km from the ground where Scattering
a moderate solar activity period is assumed. Remarkably, be- Ho=Axpp+ B+,
ginning at 51 km atmospheric tables are identical to the rules b, =Ax(22x 1011) «1 4+ Bx(11.74)
of the US Standard Atmosphere [11]. However, the earth’s at- « 17022
mosphere is generally described in terms of its layers. Gener- P n = 1.0000 g=0,6 ‘d=50km
ally, the atmosphere is considered to be one that extends ove g ’ '
560 km on the planet’s surface and is divided into four layers
the troposphere, stratosphere, mesosphere and thermosphe! <
with the respective interfaces: tropopause, stratopause ani gy TROPOSPHERE
mesopause. However, what allows for the complete under- [P Absorption
standing of the atmospheric model is to denote the important Carbon Dioxide, CO, + Nitrogen Dioxide, NO,
processes that occur within it, such as absorption and scatter k3 +Oxygen, O, + Water Vapor H,0
ing. The atmosphere is composed of small particles, which [} Ug = Ug20 + ;€02 + g 07 + U NOV
are air molecules, mixed with large particles at low pressures | Scattering
called aerosols. Given the continually evolving composition : g =A% hp+ By
of the atmosphere the propagation of light in it is erratic and & n,=A=(22-10")x 27+ B+ (1174)
is shown in Fig. 1. The scattering of light by air molecules is I8 g D
studied by Rayleigh [12] while the scattering of light in the i n=1,00029 g=0,8 d=15km

presence of aerosols is studied by Mie [13].

To perform a simulation of the diffuse reflectance of light
in the atmosphere, the Monte Carlo for Multi-layered me-
dia (MCML) program was modified. This allows to model
a photon’s pathway in a multilayer medium that contains agigyre 2. Atmospheric Model.
refractive index (n) which depends on the respective layer

where the optical propertieg, 1.5, g) and thickness (d) of is a non-selective process which means, it affects all wave-
each layer are used as input parameters to simulation [14fengths. Also, the atmospheric constituents responsible
The multilayer medium used is the proposed simplified atfor this process are gaseous molecules, ice crystals, water
mosphere model (Fig. 2). It consists of two layers: the tro-droplets, and, like in the absorption process, aerosols. Scat-
posphere and stratosphere which are 15 km and 50 km iering is a process that preserves the total amount of energy,
thickness respectively. but the direction in which it spreads can be altered. Absorp-
Consequently, the selection of absorption and scatteringjon is a process that removes the energy of the electromag-
elements to consider in this study is closely related with thenetic radiation and converts it into another form of energy.
selected spectrum. That s, the absorption of radiation is a sé&nd the extinction or attenuation is the sum of the scattering
lective process with the wavelength primarily due to aerosolsand absorption that occurs, which represents the effect on the

clouds, and atmospheric gas components. Instead, scatterimgdiation as it passes through a turbid medium.
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The outermost layer of the atmosphere analyzed in thevhen the constituents forming the atmosphere scatter the ra-
proposed model is the stratosphere. One of the main cordiation passing through varying their initial propagation di-
stituents of the stratosphere is 0zone, which is considered theection. According to the relationship between the size of the
primary absorbent agent uniformly distributed therein. In thiswavelength of the incident radiation and the media particles,
regard, the greatest pondered weight in the ozone is assuméds possible to divide this scattering phenomenon [17] in:

as main absorbent. Thus, the absorption coeffigigrit the Rayleigh scattering, this phenomenon occurs when the
stratosphere is calculated with Eq. (1); wavelength of the incident radiation is much larger than the
size of the scattering particles.
fra = 0.03 % p1aH20 + 0.9 * 11,05 + 0.03 Mie Scattering, this phenomenon occurs when the scatter-
« 11405 + 0.03 % 11,NO, 1) ing particles are of the same order of size as the wavelength

of the incident radiation.

That is, 90% absorption due to stratospheric ozone and Geometrical optics, it occurs when the wavelength of the
the rest due to water vapor, nitrogen dioxide, and oxygen irilncident solar radiation is much smaller than the size of ob-
equal parts ’ ' stacles in its propagation.

The second layer discussed in the proposed model input Therefore, scattering, in this study, is _calqulated a_ccord-
is the troposphere. In the troposphere, water vapor, carbofiY }0_ t?]e 1a8pprr<]) ach _baéed O; ths zomr? |nat'|6(\)n %f.'_:\,/l le and
dioxide, nitrogen dioxide, and oxygen are considered as atBay eigh [ ) ] shown IN £gS. 5 and 4, where A an repre-
sorbent agents. As a result, the absorption coeffigigrin sent the weighted fraction of relaxation in each layer.
the troposphere is calculated according to Eq. (2) as shown

below: s = Ax pray — B pnie (3)

ps =A% (22% 10"« A7+ B+ (11.74) x A% (4)
ta = taH20 + 11,CO + 11,02 + 11aNO, (2)
Coming up next, the proposed model of the atmosphere as

In other words, the absorption due to each of the elementgntry for the simulations (Fig. 2) is presented, In terms
in the troposphere is considered in equivalent parts. of the refractive index (n) in the atmosphere [19] and the

In this situation, the main absorbents considered in theon-planar parallel geometry of such, it is observed that it
troposphere and stratosphere is [15]: water vapeQ(licar-  strongly depends on the altitude, pressure, temperature and
bon dioxide (CQ), oxygen (Q), ozone (Q) and dioxide ni-  wavelength of the radiation measured. In turn, in emptiness
trogen (NQ). 1 substitutes for the refractive index and as it approximates

The input data for the simulations with the modified to the Earth’s surface 1.00029. The factor or parameter of
MCML of absorption in the troposphere and stratosphere ofnisotropy, which measures the degree of anisotropy of the
each component were taken from the publication of Specscattering, is defined as the average of the scattering angle,
tral Atlas which is of free access for the public on the web-which is obtained by the phase function, and its value varies
site of the Institute of Chemistry, Max-Planck Mainz, in Ger- in between -1 and 1 [20]. For particles with a radius in the
many [16]. Some of the data files were adjusted to the rangeange of 3-30 microng; values are in the range of 0.8 t0 0.9.
of wavelengths of the study and others mathematically adFor aerosol particles whose radius’ are typicall9.1 um, g
justed via Mat lab in order to obtain the applicable mathe-values are less than 0.8.7 [21]. Therefore, the anisotropy
matical relationship, as shown in Table I. factor is considered constant throughout the studied spectrum

With regards to the input data of the simulations with thewith the value of 0.6 in the stratosphere and 0.8 in the tropo-
modified MCML, in terms of scattering, it is studied basedsphere. Predicting the distribution of light inside any turbid
on the size of the particle and it affects all wavelengths. Thenedia requires detailed information about the optical prop-
phenomenon of scattering or attenuation of radiation occursrties of the medium [22]. Distinguishably, the entry model

TABLE |. Absorbents, data & math relations.

Abs Data Math Relation A(hm)
H20 HoO.txt V/(400-750)
O; Adjusted Q=(1.195*10731 )*X 5+(-3.237*10728 ) V(410-700)
Data *X1+(3.461%1072° J*X 3+(-1.827* 1072?)
*X 2+(4.763*1072°)*X 1 +(-4.912*10°'%)

02 O%.txt IR (650-780)
CO; Adjusted Data CQ= (4.238*1(F0)* X —49-44 UV(169-300)
NO; NOo.txt V(380-720)
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presented in (Fig. 2) summarizes the optical behavior of a
stable atmosphere. il
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3. MCML Simulation
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It has been established that Monte Carlo is a relevant and = oxr i
flexible technique for simulating the propagation of light in i Sy 1
turbid media, and that the optical study of materials and other [ , ‘ ‘ ‘ , , \“‘?* ]
components provide information of the surface morphology =N W\ B e - =

and internal structure due to the interaction of light with mat-
ter. This approach is useful because make it possible to prd=IGURE 3. Curves of Diffuse Reflectance versus Wavelength vary-
pose a diagnosis of the medium in a noninvasive way. ing the Ozone Concentration.
In the simulation process through the modified MCML,
the input is formed by the beam of photons (photon number  Evidently, itis difficult to see what happens to the diffuse
N), the refractive index of the mediumy, the absorption and reflectance when the ozone concentration increases. Thus,
scattering coefficients, the anisotropy factgy &nd the dis- numerical parameters for these curves are determined by ap-
tance () or size layer to be analyzed. On the other hand, th@lying adjustments through trigonometric series. For each of
output is formed by the diffuse reflectance. the simulations, the trigonometric adjustment is performed
The simulation is based on the aleatory pathway of thdising Fourier series grade 2 as shown in Eq. (5).
photons through the medium, which are selected statistically
according to each absorption and/or scattering event. After
propagating a large number of photons, the results are usu-
ally closer to reality. To simulate the diffuse reflectance, the
Monte Carlo algorithm multilayers of Oregon Medical Laser 2
Center, which is software of free access [5] was modified. + Z bn sen(nwoA) ®)
The modified algorithm requires the following input param- n=1
eters: the absorption coefficieng, scattering coefficient,,

2
R(\) =ao+ Z @y, cos(nwo)

n=1

ot fact fractive ind d the thicknesd In addition, it is assumed that the spectral curves are peri-
anisotropy factow, refractivé indexn, and the thicknes odic. Hence, the natural frequency from the definition of the

_orfheqch of the layers in eaé:h ththe _S|mlulat|ons fer:formedrange where the curve is periodic can be determined and as a
e Input parametgrs used in the simu atpns of the atmogag ¢ comply with the conditions of the Fourier series. The
sphere are shown in Fig. 2. The simulations through th

%4q. (6) shows the calculation of the natural f d.
modified MCML allow obtaining the spectral curves of dif- d- (6) shows the calculation of the natural frequency use

fuse reflectance versus the wavelength. Wavelength, ... — Wavelength,. .
o= Resolution

(6)

4. Results The adjustment of the data with the least squares nonlin-

In order to retrieve the absorption coefficient of the ozone irfar method using Eq. (5) is shown in Fig. 4. The adjusted
the stratosphere the 0zone concentration is varied from 1% tgPectral curves of diffuse reflectance in the Fig. 4 show that
10 % and the rest of the concentrations remain fixed. Therethe residual behavior is lower and more stable in comparison
fore, changes in the spectral curves are attributed to a uniquaith the curves in Fig. 3.

physical parameter. In the Fig. 3, a family of spectral curves Furthermore, the natural frequency is calculated using
of diffuse reflectance which were obtained from the simula-Eq. (6). It makes possible to obtain the Fourier coefficients
tion is shown as the concentration is varied by 2. that areao, a,, andb,,, which adjust the simulated data.

TABLE Il. Fourier Coefficients versus % concentration gf O

0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0

ao 0,9250 0,9349 0,9560 0,9918 0,9560 0,9449 0,9548 0,9591 0,9256 0,9404
a1 0,7049 0,0328 0,1725 0,1236 0,0877 0,0589 0,0561 0,0413 0,0402 0,0419
b1 1,2680 0,0410 0,2510 0,4570 0,5486 0,0011 0,0015 0,0141 0,0360 0,0189
az 0,2502 0,0044 0,2658 0,1150 0,2540 0,0011 0,0256 0,0084 0,0085 0,0054
b2 0,2713 0,0004 0,2548 0,0128 0,0256 0,0065 0,0025 0,0093 0,0095 0,0033
wo 0,0250 0,0250 0,0250 0,0250 0,0250 0,0250 0,0250 0,0250 0,0250 0,0250
D 0,99 0,99 1,00 0,99 0,99 0,99 0,99 0,99 0,99 0,99

Rev. Mex. Fis63(2017) 238-243



242 S. RAFEH AND A. MUNOZ

5. Discussion

The input parameters in the proposed atmosphere model were
defined with a polynomial function grade 5 for the Ozone.
These input parameters were used as initial input for the
simulation through the modified MCML. The simulations
through the modified MCML allow obtaining the spectral
o curves of diffuse reflectance versus the wavelength as shown
in Fig. 3, with a linear concentration of ozone changes. These
results or diffuse reflectance curves obtained from the simu-
FIGURE 4. Adjusted Curves of Diffuse Reflectance versus Wave- |ations were analyzed by Fourier series, which is a nonlinear

Reflectance (%)

Wavele;lgth (nm)

length. fit. The spectral curves in Fig. 3 were parameterized by the
trigonometric function, in order to obtain the coefficient
0.8000 which is related to the experimental data and associated with
E 07000 ® different concentrations of ozone in the stratosphere.
Em 0,6000 Ly 1273855 + 42004 - 5405453 + 3452 - 10.752x + 14894 In this regard, to analyze the behavior of the coefficignt
- J—— ' e while the ozone concentration varies, a polynomial grade 5 is
E - ; obtained, which is similar to the polynomial ozone proposed
g L as input in the atmospheric model. It should be noted that
g 0200 the polynomial of grade 5 governs the amount of ozone in
g 9:2000 . the stratosphere, while it is impacted by the compongnt
£ 01000 ’&‘ " of the Fourier series. However, despite being able to obtain
0,0000 i, i, ik, the starting point for simulations, it is even more important to
0:99 0.2 9.4 %60 020 100 recognize the self consistency that is demonstrated when the

a, Constant Fourier Series

Fourier coefficient; varies in a similar way as the polyno-
FIGURE 5. Absorption Coefficient O3 versus Fourier Coefficient Mial proposed in the input parameters for the Ozone absorp-
ar. tion. That is,a; orderly varies with the reflectance changes
allowing retrieving the absorption coefficient of stratospheric
That is, the diffuse reflectance increases or decreases dezone. It should be noted that beyond obtaining a relation-
pending on such parameters, making it possible to establishship (Eq. 7) that applies only to the model of the atmosphere
relationship between the change in the concentration of ozongroposed, a method that retrieves the optical parameters is
and the Fourier coefficients. Table Il shows the parameteriebtained due to the sensitivity of the Fourier coefficient
zation constants for each of the simulated reflectance curvebecause of the changes in the absorption coefficient of strato-
An analysis of the behavior of each constant of paramespheric ozone.
terization of the Fourier series was performed by varying the
concentrations of @ As aresult, a chaotic behavior for most
constant was obtained, except for constantwhose behav- 6. Conclusions
ior can be observed in Fig. 5.
Thus, arelationship between the concentration 98@d  The study presents a retrieving process of an optical param-
the parameterization constantis established (Eq. 7). This, eter in the stratosphere through the simulated spectral curves
in turns, allows retrieving the concentration of ®@om the  of diffuse reflectance, as a new approach. This allows con-

following polynomial function. cluding that it is possible to obtain a relationship between the
fta = —12.739(a1)® + 42.094(a;)* — 54.054(a; ) coeffi.ciental c.)f.the expansion of .Fourier series and the ab-
) sorption coefficient of the ozone in the stratosphere through

+ 34(a1)” — 10.752(a1) + 4.4894 (7)  trigonometric adjustment as an effective method.
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