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A new technique is presented for processing data obtained from broad-band 

measurements of direct sunlight in order to increase the bulk of experimental 

information. The technique is based on the method of moments.  It allows 

reconstruction of the total content of the gaseous constituent, the effective height of 

a layer, and its halfwidth. In order to reveal peculiarities and potentialities of the 

new technique as applied to reconstruction of the parameters sought, numerical 

simulations have been performed.  Besides, the technique has been applied to 

process real data obtained with a M$124 ozonometer. 
 

INTRODUCTION 
 

M$124 device is widely used at Russian 
ozonometric stations to measure the total ozone content 
(TOC).1,2  This device is a broad-band photometer 
with three spectral channels at 300 (21), 326 (21), and 

348 (30) nm (widths of the corresponding filter 

passbands are given in parentheses). The technique of 
TOC measurements relies on the use of nomograms of 
signals from the first and second channels as functions 
of the sun zenith angle and n 3 content in the 

atmosphere.  The nomogram covers the TOC range from 

0.2 to 0.6 atm⋅cm.  The third channel is used for 
calibration and measurement of the solar flux. The 

method of nomograms has shown its efficiency for the 

œunperturbedB atmosphere. However, natural œdisasters,B 

such as volcanic eruptions, distort the results of TOC 

estimation (such distortions cannot be envisioned and 
allowed for in nomograms).  This means that 
uncontrollable errors can arise in TOC measurements. 

The new technique for processing signals from a 
M$124 ozonometer is presented in this paper. It enables 
one 1) to eliminate the above-indicated drawback; 2) to 
estimate the depth of the aerosol and molecular 
atmosphere in addition to TOC measurements; 3) to 
perform fast analysis of the ozone profile. 

Note that similar technique (the method of 
moments) has been already applied to 
quasimonochromatic measurements of direct sunlight.2 
However, this method has not been studied in detail in 
Ref. 2; and numerical simulation for revealing its 
peculiarities and potentialities has not been performed 
yet.  B esides, the aerosol and molecular depths were 
supposed predetermined in Ref. 2. 

The application of this new technique to 
processing signals from l $124 compiled during the 
passed period of measurements will allow us to reveal 
statistical regularities in TOC behavior, heights of the 
maximum in the ozone profile and its width with 
varying aerosol optical depth. 

ESTIMATION OF THE OPTICAL DEPTH 
 
The direct solar radiation fixed by a M$124 device 

is related to the atmospheric parameters as follows: 

I(λj, ϕ) = c(λj) ⌡⌠
Δλ

 I0(λ′) Tf(λ′ $ λj) × 

× Tma(λ′, ϕ) Tg(λ′, ϕ) Toz(λ′, ϕ) dλ′, (1) 

where ϕ is the zenith angle of the Sun; I0(λ′) is the 
intensity of the extraterrestrial sunlight; Šf(λ′ $ λ) is 
the filter transmission; λj is the wavelength of the jth 
channel; Šma(λ′ $ λ) is the transmission of the 
molecular plus aerosol atmosphere; Šoz(λ′ $ λ) is the 
ozone transmission; Šg(λ′ $ λ) is the transmission of 
œinterferingB gases (except n 3), which contribute into 
extinction of radiation; “(λj) is the instrumental 
constant at the wavelength λj (j = 1, 2, 3). 

Here we suppose that  

⌡⌠ Tf(λ′ $ λj) dλ′ = 1. 

The transmission of the ith attenuating 
atmospheric constituent can be presented as 

Ši(λ, ϕ) = exp {$τi(λ, ϕ)},  (2) 

where 

τi(λ, ϕ) = ⌡⌠
0

Hatm

 B(h, ϕ) αi(λ, h) dh;   i = a, m, g, oz. (3) 

Here b(h, ϕ) is the function of a path having the form 

B(h, ϕ) = 
(h + R) n(h)

(h + R)2 n2(h) $ R2 n0
2 sin2 ϕ

 , (4) 

where αi(λ, h) is the volume extinction coefficient; R  
is the Earth’s radius; n(h) is the refractive index; matm 
is the top height of the atmosphere. 
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Figure 1 demonstrates the calculated wavelength 
dependence of the optical depth of vertical column for 
the gas under study τoz(λ), the aerosol atmosphere τa(λ), 
œinterferingB gases τg(λ), and the molecular atmosphere 

τm(λ). The transmission functions of optical filters are 
also given here. The initial data  taken for calculations 
are the following: the ozone absorption coefficient 
Koz(λ) borrowed from Ref. 3; the ozone profile ρ(h) 

borrowed from Refs. 4 and 5 (W = 300 D.u.); αa(λ) 
corresponding to the model of the background aerosol6; 
the air density for τm(λ) calculation corresponding to 
the midlatitude summer model.7 Two conclusions can 
be drawn from analysis of data shown in Fig. 1: (1) the 
optical depth τg(λ) of the œinterferingB gases is small as 
compared with τoz(λ), τa(λ), and τm(λ). Therefore, the 
contribution of the œinterferingB gases into the total 
intensity can be neglected and eliminated from further 
consideration; (2) the optical depths τa(λ) and τm(λ) can 
be considered wavelength$independent (or weakly 
dependent) within the filter passbands Šf1(λ), Šf2(λ), 
and Šf3(λ). 

 

 
 

FIG. 1. The normalized wavelength dependence of the 
optical depth of vertical column of the gas under study 
τoz(λ), the aerosol atmosphere τa(λ), interfering gases 
τg(λ), and the molecular atmosphere τm(λ), along with 
the transmission functions of the optical filters. 

 

With regard for the above-said, Eq. (1) can be 
presented as 

I(λj, ϕ) = c(λj) Tma(λj, ϕ) × 

× ⌡⌠
Δλ

 I0(λ′) Tf(λ′ $ λj) Toz(λ′) dλ′. (5) 

B elow we suppose the calibration constants “(λj) 
being the same for all the channels (see Refs. 1, 2, and 
8) and equal to q.  B esides, the constant q is supposed 
to be known. 

The integral in Eq. (5) is approximated by the 
following expression: 

⌡⌠
Δλ

 I0(λ′) Tf(λ′ $ λj) Toz(λ′) dλ′ = 

= exp {($βj (W(ϕ))nj}. (6) 

Here βj has the meaning of the effective ozone 
absorption coefficient per unit TOC; nj is the 
parameter; W(ϕ) is the total ozone content along the 
path in the atmospheric layer between the sun and the 
instrument: 

W(ϕ) = ⌡⌠
0

Hatm

 
(h + R) ρ(h) dh

(h + R)2 $ R2 sin2 ϕ
 ; (7) 

ρ(h) is the ozone concentration profile. 
In Eq. (7), we have neglected the refractive index 

n(h) (see Eq. (4)). 
The parameters βj and nj of the model (6) are 

calculated on the basis of data on the filter transmission 

Šfj(λ′ $ λ) (Refs. 8 and 9), the solar constant I0(λ) 

(Ref. 10), and the ozone absorption coefficient. 
Table I presents the values of the parameters βj 

and nj for three spectral channels, along with their 
errors Δβj and Δnj.  The zenith angles were taken 
varying from 30 to 75° in calculations of βj and nj. This 
Table was calculated using the model of midlatitude 
summer. 

 

TABLE I. 
 

λj, nm βj, nm nj Δβj Δnj 

300 6.119502 0.713126 0.000179 0.000203
326 0.416949 0.982102 0.000080 0.000090
348 0.010966 0.995096 0.002320 0.002627

 

The problem of applicability of the data obtained 
(the values of the parameters βj and nj) to other 
atmospheric conditions has been studied.  Toward this 
end, the direct problem was solved based on different 
ozone content models, while the inverse problem was 
solved based on the parameters presented in Table I. 
The simulation results have shown the maximum error 
in TOC reconstruction to be 0.06%. 

With regard for Eq. (6), the model (5) takes the 
form 

I(λj, ϕ) = C exp {($ τma(λj, ϕ) $ βj(W(ϕ))nj}. (8) 

The numerical simulation has demonstrated that 
the deviation δI of the models (5) and (8) relative to 
Eq. (1) does not exceed 1.5% for the first filter, 0.4% 
for the second filter, and 0.1% for the third one. 

In the wavelength range from 300 to 350 nm, the 
optical depth τma(λ, ϕ) can be approximated by the 
following expression: 

τma(λ, ϕ) = A(ϕ) (λ/λ0)
B(ϕ). (9) 

Having substituted Eq. (9) into Eq. (8), we 
obtain the final expression for the measured value: 

I(λj,ϕ) = C exp {$A(ϕ) (λj/λ0)
B(ϕ)

 $ βj(W(ϕ))nj}. (10) 

Given the measured signals I(λj, ϕ) at the three 
wavelengths, we can estimate three parameters `, b, and 
W from Eq. (10). Then we can find τma from Eq. (9). 

The angular dependence for the errors Δ` and Δb 
is presented in Table II. 

 

TABLE II. 
 

ϕ ` b Δ` Δb 

35.799999 1.556787 $3.179260 0.018848 0.191910
37.500000 1.591422 $3.179241 0.018847 0.191902
40.000000 1.647950 $3.179212 0.018847 0.191904
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FAST ANALYSIS OF THE OZONE PROFILE 
 

The technique described allows estimation of the 
ozone content and the optical depth τma(ϕ) along the 
direction determined by the solar zenith angle ϕ. If 
ϕ ≤ 50°, then the function of a path in Eq. (7) can be 
replaced with sec ϕ, i.e. 

W(ϕ) = sec(ϕ) W0, (11) 

where W0 is the total ozone content scaled to the 
vertical atmospheric column. At ϕ > 50°, the Earth’s 
curvature should be taken into account.  In the method 
of nomograms, W(ϕ) is recalculated into W0 by the 
corresponding nomograms. In this paper, we propose to 
determine not only W0, but also some characteristics of 
the ozone profile, such as the effective height of the 
ozone layer H0 and its depth d (d = 2σ, Fig. 2). Let us 
consider the method of obtaining H0 and d. 

Let there be W(ϕ) for three values of the angles 
ϕi, i = 1, 2, 3.  Then, having expanded the function of 
path in Eq. (7) into a power series over the parameter 
h/R, we obtain 

(R + h) ρ(h)

(R + h)2 $ R2 sin2 ϕ
 = ρ(h) × 

× 

⎩
⎨
⎧

⎭
⎬
⎫

1 + 

⎝
⎛

⎠
⎞

 h
R

 

 tan2ϕ + 

⎝
⎛

⎠
⎞

 h
R

 

2
 sec2ϕ ⎣

⎡
⎦
⎤

⎝
⎛

⎠
⎞

 

3
2

  sec2ϕ $ 1  + ...  .(12) 

Once integrated, Eq. (12) gives the following set of 
equations in the moments: 

μi = ⌡⌠
0

Hatm

 hi ρ(h) dh, 

⎩⎪
⎨
⎪⎧
μ0 $ a1 μ1 + b1 μ2 = y1,

μ0 $ a2 μ1 + b2 μ2 = y2,

μ0 $ a3 μ1 + b3 μ2 = y3,

  (13) 

where 

ai = 

1
R

 tan2ϕ;  bi = 

1

R2 sec
2ϕi ⎝

⎛
⎠
⎞3

2
 sec2ϕi $ 1  ;  yi = W(ϕi). 

The solution of the set of equations (13) has the 
following form: 

μ0 = 
1
D

 D1;   μ1 = 
1
D

 D2;   μ2 = 
1
D

 D3, (14) 

where 

D = b1(a2 $ a3) + b2(a3 $ a1) + b3(a1 $ a2); 

D1 = y1(a3 b2 $ a2 b3) + y2(a1 b3 $ a3 b1) + 

+ y3(b1 a2 $ a1 b2); 

D2 = y1(b2 $ b3) + y2(b3 $ b1) + y3(b1 $ b2); 

D3 = y1(a2 $ a3 ) + y2(a3 $ a1) + y3(a1 $ a2). 

The ozone profile characteristics are related to the 
moments μi by the following relations: 

W0 = μ0 = ⌡⌠
0

Hatm

 ρ(h) dh;  H0 = 
μ1

μ0
 = 

⌡⌠
0

Hatm

 h ρ(h) dh

⌡⌠
0

Hatm

 ρ(h) dh

 ; 

d = 2  
μ2

μ0
 $ ⎝
⎛

⎠
⎞ 

μ1

μ0
  

2
 ; (15) 

where H and d are the effective height and depth of the 
ozone layer. 

If the values of W(ϕ) are measured only at two 
angles ϕi, i = 1, 2, then only two moments can be 
found from the experimental data: 

μ0 = 
y1 a2 $ y2 a1

a2 $ a1
 ;   μ1 = 

y1 $ y2

a2 $ a1
, (16) 

what is quite sufficient for estimating W0 and H0 from 
Eq. (15). 

The estimation errors for the moments and the 
corresponding characteristics of the ozone profile are 
calculated by the following expressions. 

a) Two$angle technique 

δµ0 = 
 σY1

2  a2
2 + σY2

2  a1
2

y1 a2 $ y2 a1
 ;   δµ1

 = 
 σY1

2  + σY2
2

y1 $ y2
 ; (17) 

δW0
 = δµ0;  δH0

 = δµ0
2

 + δµ1
2

 $ 2 

1
μ1 μ0

 <Δμ0 Δμ1> , (18) 

where 

<Δμ0 Δμ1> = [(σY1
2  a2 + σY2

2  a1)] 
1

(a2 $ a1)
2 . (19) 

Here σYi

2  is the measurement error of yi = W(ϕi). 

b) Three$angle technique 

σµ0
 = 

1
D

 {σY1
2  (a3 b2 $ a2 b3)

2 + σY2
2  (a1 b3 $ a3 b1)

2 + 

+ σY3
2  (a2 b1 $ a1 b2)}

1/2

; 

σµ1
 = 

1
D

 {σY1
2  (b2 $ b3)

2 + σY2
2  (b3 $ b1)

2 + 

+ σY3
2  (b1 $ b2)}

1/2

; 

σµ2
 = 

1
D

 {σY1
2  (a2 $ a3)

2 + σY2
2  (a3 $ a1)

2 + 

+ σY3
2  (a1 $ a2)}

1/2

. 

The errors δW0
 and δH0

 are calculated by Eq. (18), 

in which 

δµi = 
σµi

μ
i

,   i = 1, 2; 

<μ0 μ1> = 
1

D2 {σY1
2  (a3 b2 $ a2 b3) (b2 $ b3) + 

+ σY2
2  (a1 b3 $ a3 b1) (b3 $ b1) + 

+ σY3
2  (a2 b1 $ a1 b2) (b1 $ b2)}. (20) 
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Let us estimate the error 

σd = 2 
1
d
 
⎩
⎨
⎧
 δµ0

2  ⎣
⎡

⎦
⎤ 

μ2

μ0
 $ 2 ⎝

⎛
⎠
⎞μ1

μ0

 2 2

 + δµ1
2  4 ⎝

⎛
⎠
⎞μ1

μ0

 

4

 + 

+ δµ2
2  ⎝
⎛

⎠
⎞μ2

μ0

 

2 

+ 4 ⎝
⎛

⎠
⎞μ2

μ0
 ⎝
⎛

⎠
⎞μ1

μ0

 

2

 × 

× ⎣
⎡

⎦
⎤ 

1
μ0 μ1

 <Δμ0 Δμ1> $ 
1

μ1 μ2
 <Δμ1 Δμ2>  + 

+ 2 
1

μ0
2 ⎭

⎬
⎫

⎣
⎡

⎦
⎤ 2 ⎝

⎛
⎠
⎞μ1

μ0

 

2

 $ 
μ2

μ0
  <Δμ0 Δμ2>  

1/2

. (21) 

Here < Δμ0 Δμ1 > are calculated by Eq. (20) 

<Δμ1 Δμ2> = 
1

D2 {σY1
2 (b2 $ b3) (a2 $ a3) + 

+ σY2
2 (b3 $ b1) (a3 $ a1) + σY3

2 (b1 $ b2) (a1 $ a2)} ; (22) 

<Δμ0 Δμ2> = 
1

D2 {σY1
2  (a3 b2 $ a2 b3) (a2 $ a3) + 

+ σY2
2  (a1 b3 $ a3 b1) (a3 $ a1) + 

+ σY3
2  (a2 b1 $ a1 b2) (a1 $ a2)} . (23) 

 

SIMULATED RESULTS 
 

To study the potentialities of the proposed technique 
(the method of moments) in reconstruction of TOC, the 
height of the center of gravity of the ozone layer, and the 
halfwidth of the ozone layer, some numerical simulations 
have been performed. The function W(ϕ) was simulated 
by integrated Gaussian curve with the parameters `, σ, 
and X0 (simulation of the ozone layer by Gaussian curve 
and the meaning of the presented parameters are 
demonstrated in Fig. 2). Of interest was the dependence 
of the function W(ϕ) on the parameters of Gaussian 
curve. A change in the parameter ` characterizes the 

variation of the total content, while a change in σ is 
indicative of variations in the ozone layer halfwidth, and 

X0 reflects the influence of the center of gravity (the 
effective height): 

ω(ϕ) = 
1

cos ϕ ⌡⌠ f(x) dx; 

f(x) = A exp
⎩⎪
⎨
⎪⎧

⎭⎪
⎬
⎪⎫

 $ 
(x $ x0)

2

2 σ2   . 

Thus obtained results of simulations are shown in 
Figs. 3$5. 

 

 
 

FIG. 2. The graphical meaning of the parameters `, σ, 
and X0, simulating the parameters of the ozone layer. 
 

As seen from the figures, an increase in the 
amplitude ` (variation of the total content, Fig. 3), as 
well as the halfwidth σ (the layer halfwidth, Fig. 4), 
results in the corresponding increase of the function 
W(ϕ).  A variation of the parameter X0 of Gaussian 
curve (the layer center of gravity, Fig. 5) has a weak 
influence on the function W(ϕ). 

 

 
 

FIG. 3. Dependence of the function W(ϕ) on the parameter ` (simulation of variation in the total ozone content). 
 

 

 

FIG. 4. Dependence of the function W(ϕ) on the parameter σ (simulation of variation in the halfwidth of the 
ozone layer). 
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FIG. 5. Dependence of the function W(ϕ) on the parameter X0 (simulation of variation in the height of the ozone 
layer maximum). 
 

PROCESSING OF THE FIELD DATA 
 

To test the technique developed, we have 
processed data of real broad-band measurements 
conducted on May 24, 1998, with a M$124 device.  
The processed data on TOC reconstruction (the third 
column) are presented in Table III in comparison with 
the data on TOC obtained by the method of nomograms 
(the second column).  B ecause the method of 
nomograms does not allow estimation of the ozone 
profile parameters, the parameters of the ozone layer 
presented in the Table III (the height of the layer 
center shown in the fourth column and the layer depth 
shown in the fifth column) were compared with the 
values of the sought parameters calculated on the basis 
of the midlatitude summer model. 

 

TABLE III. 
 

Solar zenith 
angle ϕ° 

Measured 
TOC data 

 

W0 

 

H0 

 

d 

37.4 

37.9 

38.1 

 

0.345 

 

0.34206

 

22.31653 

 

29.14012

 

According to model calculations 

W0 = 0.354 atm⋅cm; H0 = 23.32 km; d = 9.27 km. 

As seen from Table III, the results obtained are in 
a close agreement with the model calculations.  The 
marked discrepancy for the reconstructed second 
moment (d) can be explained by small values of the 
solar zenith angle, because the technique is most 
accurate at large zenith angles (ϕ > 50°), i.e., when the 
function of a path B(h, ϕ) differs sufficiently strong 
from 1/cos (ϕ). 
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