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We present results of many-year studies of the spectral dependence of the atmospheric aerosol 
optical thickness (AOT) in the spectral region from 0.37–4 μm obtained near Tomsk. In the analysis of 
the ÀÎT spectral dependence in the short-wave range (< 1 μm), parameters α and β of the Angström 
formula are used while in four spectral intervals between 1.2 and 4 μm of the long-wave range we 
used the mean value of ÀÎT (τc). Statistical characteristics of α and β variations, as well as of τ0.5 and 
τc in different seasons and under conditions of the atmosphere polluted with smoke from forest fires 
are discussed. Mean values of α, β, τ0.5, and τc for the observation period were 1.33, 0.06, 0.153, and 
0.055, respectively. Maxima of the aerosol turbidity and selectivity for AOT are observed in spring 
and during fires, and minima during the fall. Mean value of the wavelength ÀÎT deviations within 
1.2–4 μm is 0.02, a small fall of the AOT (about 0.01) is commonly observed within 1–2.2 μm 
region at increasing wavelength, and then in the region (2–4 μm) a spectrally neutral behavior of the 
annually mean AOT takes place. 

 

Introduction 
 

Investigations of the aerosol optical thickness 

(AOT) of the atmosphere and development of new 
instruments for measuring the spectral transmission 
of the atmosphere have been active in the past decade 
(see, for example, materials of WMO/GAW Expert 
Workshop1). Recently organized AERONET2 system 
intended for global aerosol monitoring has become an 
important addition to the national networks for 
observation of AOT. Regular measurements of the 
atmospheric transmission over different regions of the 
planet are important for a more accurate determination 
of the quantitative characteristics of the aerosol 
climate forcing and their variation. At the same time, 
practically all data of AOT observations in the 
atmosphere were obtained in a relatively narrow 
wavelength range from 0.34 to 1 μm, where aerosol 
effect on radiative processes is more significant in 
comparison with the molecular absorption. 

Examples of investigations of AOT at longer 
wavelengths can be found in Refs. 3 to 5, where the 
data of short-term observations in the south of France 
at the wavelengths up to 2.2 μm were considered along 

with the observations in the wavelength range up to 
3.7–4 μm in Portugal and USA (Kansas). More 

measurements in IR range were carried out over 

ocean,6,7 but analysis of data here was rather 

qualitative. For completeness, one can also mention 
the earlier results generalized in Ref. 8, in which 
molecular absorption was not subtracted in calculating 
the AOT. The main reasons for that small number of 
studies of AOT in the “atmospheric transmission 
windows” in the long-wave range are the difficulty of 
taking into account molecular absorption and lower 
extinction of radiation by aerosol. 

We suppose that the problem of more accurate 
determination of the climatic role of different 
components of the atmosphere requires obtaining new 
data on the characteristics of radiative impact of 
aerosol not only in different regions of the planet, 
but also in a wider wavelength range of the incoming 
radiation. 

In this paper we discuss the results of the studies 
of AOT of the atmosphere near Tomsk in two 
wavelength ranges – in traditional (short-wave) range 
from 0.37 to 1 μm and in the wavelength range from 
1 to 4 μm. In the first case, statistics of the Angström 
exponent is analyzed, which is widely used as a 
quantitative characteristic of the spectral behavior of 
AOT in the short-wave range8–10 

 a –( ) ,ατ λ = βλ  (1) 

where α is the Angström parameter (exponent) of 
selectivity, β is the turbidity coefficient. 

The second problem is spectral behavior of τa(λ) 
in the range from 1 to 4 μm. It is analyzed practically 
for the first time (only individual, statistically 
unrepresentative data were obtained earlier). Taking 
into account novelty of the results, the model estimates 
of the spectral dependences of the IR radiation 

extinction by aerosol are presented in the paper, which 

are physically possible under typical conditions of the 
earth’s atmosphere. 

 

1. Model estimates  
of the spectral behavior 

 

According to Mie theory of scattering, the 
dependence of AOT of the atmosphere on the aerosol 
disperse composition has the form 
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where ελ is the aerosol extinction coefficient, Kε 

(ρ) is 
the extinction efficiency factor depending on the 
complex refractive index m = (n – iκ) and the Mie 
parameter ρ = 2πr/λ; r is the particle radius, f(r, h) 
is the particle size distribution function at different 
heights h. 

Dividing the optical contribution of aerosol into 
fractions (in the radius range Δri), one can present 
Eq. (2) in the form of the sum of integrals11: 

 a 2( ) ( ) ( ) ( ) d d
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i i i

i i r h
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gi(h) are the functions of vertical distribution of the 

fractions; 
∞

=

= ∫
0

( ) di i

h

H g h h  is the height of a 

homogeneous layer for each of the aerosol fractions 
(Hi varies from 300–500 m to 1.5–2 km).12 

It follows from Eq. (3) that τa(λ) is the result of 
summing the spectral dependences of the extinction 
coefficients of different aerosol fractions, εi(λ), taking 
into account the weighting factor Hi that depends on 
the vertical distribution of particles. Hence, for 
simplification of calculations of the possible spectral 
distributions τa(λ) one can consider only modeling 
εi(λ) for different aerosol fractions (4). 

Calculations of the dependences εi(λ) in the 
wavelength range 0.34 to 4 μm were carried out using 
a standard computer code13 for two aerosol fractions, 
namely, the fine (or submicron) εf and coarse εc. The 
functions f(r) were set in the form of the lognormal 
distribution with two parameters, the modal radius 
rm and lnσ characterizing the mode width. The 
content of separate fractions was selected based so 
that the corresponding extinction coefficients in the 
range λ = 0.5 μm would have the values εf ≈ 0.1 and 
εñ ≈ 0.05 km–1. Main attention was paid to the model 
estimates of the optical manifestation of large particles, 
which, in fact, determine the spectral dependence  
of the aerosol extinction in the wavelength range 
above 1 μm. Setting of the aerosol microphysical 
characteristics was based on the model data,14,15 near 
which the specific values of the input parameters n, 
κ, rm, and lnσ varied (Table 1). 

As was noted by many authors, extinction of 
radiation by small particles r < λ manifests itself as a 
power law decrease of εf 

(λ), the characteristics of 
which depend on m and f(r). One of such dependences 

εf 

(λ) is shown in Fig. 1a. Under average conditions 

significant effect of fine particles on the extinction 
extends to the wavelengths of 1 to 1.5 μm. 

 
Table 1. Aerosol characteristics used  

in calculations of εi(λ) 

Refractive index Distribution function
Fraction

n κ rm, μm lnσ 

f 1.45 0.002  0.1 0.5 

c1 1.65 0.0025 7.2 0.3 

c2 1.65 0.0025 6 0.7 

c3 1.65 0.0025 3.6 0.3 

 

1
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b 

Fig. 1. Spectral dependences ε(λ) for different models of 
atmospheric aerosol (see notations in Table 1). 
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Spectral dependence of the extinction coefficient 
of coarse aerosol has different shape: the value ελ is 
practically constant up to ∼ 1 μm, then deviations from 

neutral behavior can be observed. The dependences 
εc(λ) with maximum in the range of 2 μm and 
monotonic increase up to 4 μm are shown in Fig. 1 
(curves ci). Realization of one or another dependence 
is determined by the first maximum of the extinction 
efficiency factor Kε 

(ρ; m) for the set particle size. The 
sharpness of the maximum of εñ(λ), or deviation from 
“neutral behavior” increases at narrowing the fraction 
and can be ∼ 0.02, and the position of the maximum 
(at n = 1.65) is near the value λ ≈ 2rm. 

 

2. Characteristics of instrumentation 
and techniques 

 
Investigations of AOT of the atmosphere near 

Tomsk are carried out since 1992, mainly in 

summer.11,12,16 Upon implementation of automated  

sun-photometers,17
 observations of the atmospheric 

transmission became all-the-year round. Besides, 
measurements of τa(λ) were extended to the wavelength 
range in the IR atmospheric transmission windows  
up to 4 μm. The wavelengths of transmission maxima 
of filters used to measure AOT with an SP-4 sun 
photometer17

 are presented in Table 2. Optical 
thicknesses of the molecular absorption τg

 and 

scattering τm contributing to the total thickness, as 
well as their variability limits (± Δτ) under different 
atmospheric conditions in summer are also presented 
in Table 2. 

Although positions of the maxima and the 

transmission contours of the filters were slightly 
different in different years, and, hence, the specific 
values of τg

 and τm changed, the presented data clearly 
show the ratio between the components of the extinction 

of radiation in different “transmission windows”. 
  In passing to IR range, not only τg value becomes 
comparable with AOT, but also its variations  
under changing atmospheric conditions. Therefore a 

technique was developed18 for retrieval of AOT of the 
atmosphere taking into account molecular absorption 
by gases and real variability of the water vapor 
content. The peculiarities of calculating AOT, as well 
as the technique for calibration were already considered 
in detail earlier,7,17 so let us only note that the 
LOWTRAN-7 computer code was used in calculations 
of the gas transmission functions, and variability of 
the content of water vapor was taken into account  
 

using the extinction of radiation in the absorption 
band of 0.94 μm. According to our estimates, the 
error in determining AOT in the short-wave range is 
0.01–0.02, and can reach 0.02–0.03 in the IR range. 
  Observations of the atmospheric transmission 
were carried out in the suburban zone of Tomsk at 
the specially equipped site on the roof of the building 
(at the height of ∼ 18 m above ground). Before 2000, 
measurements were carried out as separate 5 to 30-min 
long series in the periods when no clouds screened the 

Sun. This fact was recorded by operators. After 
introducing the automated mode of all-the-year-round 
measurements, the aforementioned procedure was 
performed using special computer program.17 Then, 
by analogy to Ref. 19, additional filtering of the 
obtained data from the effect of cloudiness was 
performed (cloud screening). 

The data involved in analysis were either daily 
or hourly means with reference to the mean local 
time calculated using the coordinates of the 
observational site. Total number of the measurement 
days during the period from May 23, 1992 until 
October 4, 2005 is 1139, the number of hourly mean 
values is 6444. The number of measurement days in 
post-volcanic period (after 1995) is 1019, and 5708 
hourly mean values. The longest series of observations 
was obtained in warm season in the wavelength range 
0.37 to 1.06 μm. Distribution of the data over seasons 
is as follows: 6 winters (181 days of observations), 6 
springs (155 days), 9 summers (542 days), 7 falls 
(131 days). Seasons were separated taking into 
account the peculiarities of the local climate in the 
region of observations20: summer since May 21 until 
September 9, fall since September 10 until October 
26, winter since October 27 until March 23, and 
spring since March 24 until May 20. AOT of the 
atmosphere in the extended wavelength range were 
obtained in 2001–2005, the number of measurement 
days is 611, and 3479 hourly mean values. 

 

3. Spectral dependence of AOT  
in the short-wave range 

 

In spite of the variety of spectral behavior of 
τa(λ) under different atmospheric conditions (Fig. 2), 
the main regularity is the monotonic decrease of AOT 
with increasing λ. Even under conditions of enhanced 
or low atmospheric turbidity (which do not fall into 
90% of the most probable values of AOT), the mean 
dependences remain the same. As was mentioned in the 

introduction, the most widespread form of description  
 

 
Table 2. Spectral channels of the photometer and mean values of the optical thickness due to molecular scattering, 

τ
m, and absorption by gases, τg, in comparison with the mean spectrum τ

a

λ in Tomsk (2001–2005) 

λ, μm 0.37 0.41 0.44 0.48 0.50 0.55 0.67 0.87 1.05 1.25 1.56 2.20 3.97 

τg 
± Δτg 

– 
– 

– 
– 

0.002 
– 

0.005 
– 

0.01 
– 

0.026 
– 

0.030 
0.008

0.075 
0.034

0.038 
0.022

0.051 
0.027 

0.053 
0.026 

0.165 
0.071 

0.207 
0.033

τm 
± Δτm 

0.496 
0.009 

0.326 
0.006 

0.244 
0.004 

0.171 
0.003

0.145 
0.002

0.098 
0.002

0.044 
0.001

0.015 
– 

0.007 
– 

0.003 
– 

0.001 
– 

– 
– 

– 
– 

τ
a
λ 0.237 0.205 0.185 0.166 0.156 0.138 0.102 0.074 0.065 0.058 0.055 0.053 0.053
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Fig. 2. Mean τa(λ) under different conditions: during  
fires (1); after Mt. Pinatubo eruption (summer 1992) (2); 
total data array (1992–2005) (3); under conditions of low 
and high atmospheric turbidities (which are not included 
into 90% of the most probable τa values) (4, 5). 

 

of the spectral behavior of AOT is Angström 
formula (1), in the majority of cases it well 
represents real dependences τa(λ), it is convenient for 

quantitative characterization and model calculations. 
At the same time, it is necessary to keep in mind that 
the empirical formula (1) has known restrictions: 1) it 
characterizes the mean component of the spectral 
behavior of AOT and usually it is applied to data 
acquired in the wavelength range ∼ 0.4 to 1 μm; 2) it 
poorly describes the behavior of τa(λ) in the aerosol 
media with low content of fine fraction (for example, 
at anomalous transmission of the atmosphere11); the 
constant α can be different in different wavelength 
ranges as well as in techniques of calculation. 

In our case, the parameters α and β were 
determined by the method of least squares after taking 
the logarithm of the dependence (1) for hourly mean 

(or daily mean) dependences τa(λ). The parameters of 
the Angström formula have some physical meanings. 
The parameter β, as will be shown below, is close to 
the AOT value in the long-wave range, which is 
determined by the content of coarse particles in the 
atmosphere. The index of selectivity α depends on 
both the characteristics of fine aerosol and the ratio 
of the optical contributions of two aerosol fractions, 
fine and coarse (for details see Ref. 21). 

Figure 3 provides for general image of the 

interannual variability of AOT and the index α during 
the entire period of investigations. 
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1.4

τ
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Fig. 3. Interannual variability of τ
a
0.5 and the index α in 

summer. 

The change of the characteristics in the initial 
period (1992–1994), as in other regions of the planet, 
was caused by the effluents from Mt. Pinatubo 

volcano, i.e., the decrease of AOT and increase of α. 
After self-cleaning of the stratosphere, the mean 
values τ

a
0.5 varied from 0.08 to 0.18, while in the past 

three years in a narrower range from 0.016 to 0.018. 
Small decrease was first observed in the interannual 
variations of the Angström exponent in the after-
volcano period, then α stabilized at the level of 1.3 to 
1.5. It follows from histograms of the distribution for 
the ten-year period (Fig. 4) that the principal range, 
involving 90% of the values of the characteristics 
discussed, is in the limits: τ

a
0.5 = 0.024–0.312, 

α = 0.58–1.91, β = 0.018–0.123. The mean and the 
most probable values (mode) of these characteristics 
are, respectively, 0.153 (0.12), 1.33 (1.55), and 0.06 
(0.045). 
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τ
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β  

Fig. 4. Histograms of the distribution τ
a
0.5, α, and β (1995–

2005). 

 
Wide variation of τa(λ) is an evidence of  

the variety of situations of the optical weather  

and different regularities of the variability of the  
aerosol fractions, i.e., classification of the data 

according to atmospheric conditions is necessary. 
Investigations8,16,22–25 showed that change of seasons 
and air masses play the main role in variability of 
AOT (except for the volcanic eruptions). In this paper 

we consider the peculiarities of the characteristics of 
AOT in different seasons. Besides, the situations were 
selected as a separate class, when forest fire smokes 

were observed in the atmosphere. On the one hand, 
one can consider fires as episodic events occurring from 
time to time, including those caused be the human 

activity. However, on the other hand, reality is such 

that the forest fire smokes are typical and inevitable 
component of the atmospheric optical weather in  

the zone during warm seasons. Under unfavorable 

combination of meteorological conditions, the zone  
of the effect of smoke aerosol on the radiative 

characteristics of the atmosphere can cover several 
regions.26,27 

Let us consider statistical characteristics of the 
Angström parameters and τ

a
0.5 under different atmospheric 

conditions. It is seen in Table 3 that the maximum 

selectivity of AOT (α = 1.73) is characteristic of 
situations of forest fires, and minimum is observed 
after Mt. Pinatubo eruption (α = 0.84). The index α 
is characterized by the lower level of relative 
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variability: the variation coefficient Vα is about 30%, 
while variations of the parameters β and τ

a
0.5 are from 

50 to 70% in the majority of cases. 
 
Table 3. Statistics of the main characteristics  

(σ is the standard deviation,  
V is the variation coefficient) 

Sample Parameter Mean value (mode) σ (V, %)

τ
a
0.5 0.252 (0.21) 0.082 (33)
α 0.84 (0.90) 0.29 (34)

Summer 1992 
(Mt. Pinatubo) 

β 0.139 (0.11) 0.035 (25)

τ
a
0.5 0.328 (0.26) 0.113 (34)
α 1.73 (1.75) 0.24 (14)
β 0.10 (0.10) 0.041 (41)

Summer fires 

τc* 0.073 (0.065) 0.031 (43)

τ
a
0.5 0.146 (0.11) 0.072 (50)
α 1.32 (1.50) 0.47 (35)
β 0.06 (0.045) 0.035 (59)

Summer 
without fires 

τc* 0.05 (0.035) 0.025 (50)

τ
a
0.5 0.151 (0.11) 0.085 (50)
α 1.40 (1.60) 0.40 (28)
β 0.056 (0.045) 0.029 (51)

Summer (total) 

τc* 0.053 (0.035) 0.027 (51)

τ
a
0.5 0.129 (0.075) 0.089 (69)
α 1.31 (1.55) 0.43 (33)
β 0.053 (0.03) 0.036 (68)

Fall 

τc* 0.04 (0.025) 0.025 (63)

τ
a
0.5 0.145 ( – ) 0.069 (48)
α 1.10 (0.90) 0.38 (34)
β 0.071 ( – ) 0.038 (54)

Winter 

τc* 0.060 ( – ) 0.036 (60)

τ
a
0.5 0.167 (0.11) 0.096 (58)
α 1.38 (1.50) 0.37 (27)
β 0.075 (0.05) 0.042 (56)

Spring 

τc* 0.066 (0.04) 0.037 (56)
 

* The characteristics of 
–
τc are for smaller data array 

(2001–2005). 
 
Analysis of annual variability of the 

characteristics of τa(λ) shows that transitional seasons 
are most different (Fig. 5): the maximum turbidity is 
observed in spring and minimum is in fall. 

Each season is characterized by its own set of the 
values α, β, and τ

a
0.5. Spring is characterized by high 

selectivity of AOT (α values) and the maximum values 
of the parameter β (i.e., the content of coarse aerosol). 
Minimum values of α and simultaneously large β 
values are observed in winter. The minimum β values 

are characteristic of the cleanest fall atmosphere, with 
α being close to the annual mean values. The mean 
summer spectrum τa(λ) is rather intermediate because 

of maximum α values and relatively small β values. 
  The characteristics of AOT (τ

a
λ, α, β) observed 

during forest fires are strongly different from other 
atmospheric situations in Siberia (Figs. 5a and 6). 
  It is seen from Fig. 6 that increase of the 
atmospheric turbidity occurs in the entire wavelength 
range, and the characteristic feature of smoke 
situations is in the values of the index of selectivity 
and the parameter β. As can be seen from the mean 
and modal values (see Table 3), the relative increase 

of β during fires is more significant in comparison 
with that of α. However, it is not an evidence of a 
smaller increase of fine aerosol, because α depends 
only on the relative particle size distribution, or on 
the ratio of the optical contributions of fine and 
coarse aerosol fractions.21 
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Fig. 5. Seasonal variations of the mean values τa(λ) (à) and 
the parameters α and β (b). 
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Fig. 6. Mean τa(λ) in the extended wavelength range. 
 

The obtained results on the value and behavior 
of the Angström exponent well agree with the data 
obtained in other regions of midlatitudes8,28–33: the 
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annual mean α usually is in the range 1.2 to 1.6, and 
the higher summer values in comparison with winter 
ones are more often observed in seasonal behavior. 
Agreement with other regions is also observed in the 
annual mean values of AOT. For example, according 
to data of AERONET28

 the mean τ
a
0.5 values in “clean” 

regions are the following: in Mongolia τ
a
0.5 = 0.13, in 

Sherbrook (Canada) τ
a
0.5 = 0.12, in Oklahoma (USA) 

τ
a
0.5 = 0.17. Aerosol turbidity in the regions of 

Washington, Paris, and Moscow28–30 is a bit higher, 
i.e., the mean values τ

a
0.5 are about 0.2, i.e., the data 

obtained in Tomsk (annual mean τ
a
0.5 = 0.15) are 

closer to that in the regions with small anthropogenic 
impact. Comparison of the relative frequencies of 
occurrence of aerosol turbidities with the values 
lower than the “background aerosol threshold”  
τ
a
0.5 < 0.1 shows the same result.28 There are 31%  

of such situations in Tomsk and 26.4% in Moscow.29 
  The main difference of our data is in seasonal 
behavior of AOT: a) as a rule, the spring–summer 
maximum and fall–winter minimum are observed in 
industrially developed regions of Europe and North 
America; b) the winter values of AOT in Tomsk are 
quite large, that better agrees with the results obtained 
in some clean regions of Siberia.23,33

 On the whole, one 
should note that the seasonal amplitude of τ

a
0.5 (from 

max to min) in Tomsk is not that large (∼ 25%), as is 
observed in the regions with higher turbidity. For 
this reason, another distribution of the characteristics 
of AOT over seasons can be observed in Tomsk some 
years. For example, in 2003 with anomalous circulation 
conditions34 the mean value of AOT in winter was at 
the level of the minimum fall values.35

 Some differences 
between the results can also appear36 if seasons have 
been divided ignoring the climatic conditions of the 
region, but according to calendar dates. 

Analysis of the histograms of the distributions 
(Fig. 4) showed that they are identical both for the 
total data array and for separate classes of situations. 
In the majority of cases (except of winter) the 
histograms are asymmetric and have single mode.  
The modal values of all parameters are presented in 
Table 3. The view of the obtained distributions of  
τ
a
0.5, α, and β do agree with those obtained in other 

regions,28,31,32 confirming the general regularity that 
a) the distribution function of the parameter β  
(the same as τ

a
0.5) is close to the lognormal dependence 

with asymmetry to the side of larger values,  
b) the histogram of the Angström exponent is closer 
to the lognormal distribution, and asymmetry is 

observed as more dramatic decrease of larger α values. 
 

4. Spectral dependence of AOT  
in the long-wave range 

 
Not very numerous studies of AOT in the 

“atmospheric transmission windows” in the IR range3–6 
are evidence of the possibility of realization of both 
neutral dependence τa(λ) and deviations from it at 
some wavelengths. Let us note that the obtained 

results significantly depend on how exactly the 
molecular scattering by gages has been taken into 
account, which is comparable or exceeds the τa value 
sought (see Table 2). 

The results of investigations in Tomsk have shown 
that the mean dependence τa(λ) for the entire data 
array is smooth: the power decrease of AOT is 

gradually transformed (in the range from 0.8 to 
1.5 μm) to neutral behavior with the value of 0.06 
(Fig. 6). Let us remind that measurements of τa(λ) in 
the extended wavelength range (up to 4 μm) were 
carried out only in recent years, therefore the bulk of 
these data is small. Nevertheless, seasonal mean spectra 
τa(λ) in the range λ < 1 μm agree with the data of 
longer series of observations (see Figs. 5a and 6): 
maximum turbidity in spring, minimum in fall, and 
intermediate values in winter and summer. To estimate 
seasonal differences in the long-wave range, the mean 
AOT were calculated: 

–
τc in the range from 1.2 to  

4 μm (in four wavelength intervals). The statistical 
characteristics of 

–
τc under different conditions are 

shown in Tables 3 and 4. 
 

Table 4. Characteristics of AOT  
in the long-wave range (2001–2005) 

Array β ± σ 
–
τc ± σ Δλ = τmax – τmin

Summer fires 0.110 ± 0.038 0.073 ± 0.031 0.023 
Summer  
without fires 0.052 ± 0.024 0.050 ± 0.025 0.015 

Summer (total) 0.058 ± 0.030 0.053 ± 0.027 0.015 

Fall 0.047 ± 0.030 0.040 ± 0.025 0.012 

Winter 0.071 ± 0.041 0.060 ± 0.036 0.021 

Spring 0.077 ± 0.042 0.066 ± 0.037 0.023 

Total array 0.062 ± 0.036 0.055 ± 0.031 0.017 
 

The seasonal variations of 
–
τc occurred to be the 

same as that of the parameter β for a longer series of 
observations (1995–2005): the maximum level of 

–
τc 

(and the content of coarse particles) is observed in 
spring and winter, and the minimum one in fall. 
Estimates obtained based on the Student criterion 
have shown that the differences in τa(λ) between 
different seasons are significant for no less that two 
parameters (Table 5). The amplitude of seasonal 
variations of 

–
τc relative to the annual mean level is 

47% at the day to day variation coefficient of 56%. 
Frequency distributions of 

–
τc are analogous to 

the histograms of AOT in the short-wave range and 
correspond to the lognormal dependence with the 
mode less than the mean values. For example, in the 
total data array of 2001–2005 the mean value 

–
τc is 

0.06, the modal value is 0.035, and the maximum is 
0.16. The largest values of 

–
τc are observed, as in the 

shortwave range, under conditions of forest fire 
smokes. Significant concentrations of fine particles 
are usually observed in smoke aerosol. The results of 
the extinction of radiation obtained in the IR range 
(see Table 4 and Fig. 6) are evidence of the increase 
of aerosol particles number density also in the size 
range of coarse fraction (by ∼ 1.5 times). 



S.M. Sakerin and D.M. Kabanov Vol. 20,  No. 2 /February  2007/ Atmos. Oceanic Opt.  147 
 

 

Table 5. Reliability of seasonal differences  

in different parameters (τ
a

0.5, α, β, 
–
τc) 

Season Parameter Summer Fall Winter

τ
a
0.5 0.997 0.997 0.997 

α no 0.87 0.997 

β 0.997 0.997 no 
Spring 

–
τc 0.997 0.997 no 

τ
a
0.5 – 0.997 0.78 

α – 0.94 0.997 

β – 0.90 0.997 
Summer 

–
τc – 0.997 0.98 

τ
a
0.5 – – 0.90 

α – – 0.997 
β – – 0.997 

Fall 

–
τc – – 0.997 

 
Analysis of the “inter-wavelength” variations of 

AOT (Δλ = τmax – τmin) in the wavelength range 1.2 
to 4 μm has shown that the mean value of Δλ is about 
0.02 (see Table 4). To determine the qualitative 
behavior of τa(λ) dependences in the IR range, the 
frequency of occurrence was calculated for different 
types of the spectral behavior in two wavelength 
intervals 1–2.2 and 2.2–4 μm (Fig. 7). The sign “–“ 
indicates the decrease of AOT with increasing 

wavelength, “0” means neutral behavior, and “+” 
indicates the increase of AOT. For example, the 

column of the histogram with designation “+” means 
the frequency of occurrence of the cases when the 
increase of AOT is observed in the first and second 
wavelength intervals, “+0” means that AOT increases 
in the first interval and has neutral behavior in the 
second one. 

 

+ + + 0 + – 0 + 0 0 0 – – + – 0 – –

0.05 

0.1 

0.15 

0.2 

ΔN/N 

Types of spectral behavior of τa(λ)
 

Fig. 7. Histograms of the distribution 
–
τc and the types of 

spectral behavior of τa(λ) in the sections 1 to 2.2 μm (left-hand 

sign under the histogram) and 2.2–4 μm (right-hand sign). 

 

It is seen in the histogram that the most 
probable (∼ 20% of all cases) types of the 
dependences τa(λ) are the following: a) decrease in 
the first interval and then neutral behavior; 
b) neutral behavior in the entire wavelength range. 
The next type according to the frequency of occurrence 

(∼ 14%) is the decrease of AOT up to 2.2 μm and 
then increase up to 4 μm. If the wavelength intervals 
are considered separately, the distribution of the 
spectral behavior is the following: the decrease of 
AOT (48%) or its neutral behavior (34%) are the 
most probable in the interval 1 to 2.2 μm and the 
neutral behavior (50%), or the increase of AOT 
(33%) are the most probable in the interval 2.2 to 
4 μm. To obtain the quantitative estimates, the 
monthly mean differences of AOT were calculated in 
the same wavelength intervals: Δ1–2 = τ

a
1 – τ

a
2.2 and 

Δ2–4 = τ
a
2.2 – τ

a
4. It is seen from Fig. 8 that the 

difference is always positive in the first wavelength 
interval, i.e., the decrease of AOT with the annual 
mean value of Δ1–2 ≈ 0.01 is observed. The annual mean 
dependence τa (1–4 μm) in the section 2.2–4 μm is 
neutral, but there are some seasonal differences. The 
decrease of AOT of the same magnitude, as the average 
over the range up to 2.2 μm (∼ 0.01), is observed in 
cold season, and small increase of AOT up to 4 μm is 
observed since May until October. 

 

1 2 3 4 5 6 7 8 9 10 11 12

–0.02

0

0.02

0.04

Δ1–2

Δ2–4

Δ

Month  
Fig. 8. Inter-month variations Δ1–2 and Δ2–4 (horizontal lines 
mark the annual mean level of Δ1–2 and seasonal mean 
values Δ2–4). 

 

For a comparison, let us present the results 

measured by other authors in the IR wavelength 
range: a) in Kansas (USA)5 – the decrease of τa(λ) in 
the wavelength interval up to 1.6 μm and then neutral 
behavior at the level of 0.02–0.045; b) at the south 
of Portugal4 – neutral behavior of τa(λ) in the interval 
up to 2.2 μm at the level of 0.05–0.1, and then 
decrease to 0.01–0.07; c) at the south of France 
under conditions of dust emissions from Sahara3 – 
monotonic decrease of AOT in the interval 1 to 2.2 μm. 
Although the enumerated results were obtained 
during short periods of observations (4 days of 
measurements in each case) and in other regions, they 
agree with our data within the limits τ

a
λ ± στ. 

For a conclusion, let us pay attention to the 
closeness of the values of the parameters β and 

–
τc. 

The problem of correlations among α, β, and 
–
τc as 

well as determination of the optical contributions of 
two aerosol fractions are considered in Ref. 21 in a 
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more detail. Let us consider here only the estimates 
of the difference of β from 

–
τc. It is seen in Table 4 

that the maximum differences are observed during 
forest fire smokes, and the annual mean difference 
(β – 

–
τc) is 0.007 (or 12%), i.e., it is less than the 

error in determining AOT. This means that the 
parameters β or τa (1 μm) can be used for approximate 
determination of 

–
τc and the content of coarse aerosol. 

 

Conclusions 
 

1. Comparison of the results of long-term 
observations of AOT of the atmosphere with the data 
obtained in other regions of midlatitudes shows that 
one can consider Tomsk as typical region of boreal 
zone of Eurasia with weak anthropogenic impact. 
Mean values and the mode of the main characteristics 
(1995–2005) have the following values: τ

a
0.5 is equal 

to 0.153 and 0.12, α is equal to 1.33 and 1.55, β is 
equal to 0.06 and 0.045, 

–
τc (2001–2005) is equal to 

0.06 and 0.035. 
2. Spectral dependences τa(λ) in the short-wave 

range are well described by the Angström formula 
(parameters α and β), while in the IR range (1.2 to 
4 μm) by the mean 

–
τc value because of small “inter-

wavelength” differences. The parameter β slightly 

differs from 
–
τc being, on the average, 12% larger. 

  3. Statistical characteristics (mean values, rms 
deviations, mode) of the Angström parameters and 

–
τc, 

which determine the main peculiarities of the spectral 
dependence τa(λ) in different seasons are obtained: 
  – the maximum selectivity of AOT (parameter 
α) is observed under conditions of forest fires and in 
spring and summer, minimum is observed in winter; 
the parameter β and AOT in the IR range 

–
τc have 

maximum values in spring and minimum in fall; 
– seasonal differences in τa(λ) in Tomsk are not 

that large, but statistically significant at least for 
two parameters of the set α, β, τ

a
0.5, and 

–
τc. 

4. Mean value of “inter-wavelength” deviations 
of AOT in the range 1.2 to 4 μm is about 0.02, small 
decrease of AOT (∼ 0.01) with the wavelength is 
usually observed in the first part (up to 2.2 μm), and 
then (from 2 to 4 μm) the annual mean dependence 
τa(λ) is neutral (small increase of AOT to 4 μm in 
warm season). 

 

Acknowledgements 
 

Authors would like to thank S.A. Turchinovich 
and T.A. Eremina for their help in long-term 
measurements of the spectral transmission of the 
atmosphere. 

The work was supported in part by Russian 
Foundation for Basic Research (grant No. 05–05–
64410) and Integration project of SB RAS No. 3.23. 
 

References 
 

1. WMO/GAW Expert Workshop on “A global surface-
based network for long observations of column aerosol 

optical properties” (Davos, Switzerland, 2004), http:// 
www.wmo.ch/files/arep/AODavos (2004). 
2. B.N. Holben, T.F. Eck, I. Slutsker, D. Tanre, J.P. Buis, 
A. Setzer, E. Vermote, J.A. Reagan, Y.J. Kaufman, 
T. Nakadjima, F. Lavenu, I. Jankowiak, and A. Smirnov, 
Remote. Sens. Environ. 66, 1–16 (1998). 
3. J.L. Deuze, Ñ. Devaux, M. Herman, R. Santer, and 
D. Tanre,  J.  Appl.  Meteorol.  27,  No. 5,  680–686  (1988). 
4. V. Vitale, C. Tomasi, W. von Hoyningen-Huene, 
U. Bonafe’, S. Marani, A. Lupi, A. Cacciari, and P. Ruggeri, 
Tellus. 52B, 716–733 (2000). 
5. M. Shiobara, J.D. Spinhirne, A. Uchiyama, and S. Asano,  
J. Appl. Meteorol. 35, No. 1, 36–46 (1996). 
6. Y.V. Villevalde, A.V. Smirnov, N.T. O’Neill, 
S.P. Smyshlyaev, and V.V. Yakovlev, J. Geophys. Res. 99, 
20,983–20,988 (1994). 
7. S.M. Sakerin and D.M. Kabanov, J. Atmos. Sci. 59, 
No. 3, Part 1, 484–500 (2002). 
8. O.D. Barteneva, N.I. Nikitinskaya, G.G. Sakunov, and 
L.K. Veselova, Transmission of the Atmosphere in Visible 
and IR Wavelength Range (Gidrometeoizdat, Leningrad, 
1991), 224 pp. 
9. A. Angström, Tellus XVI, No. 1, 64–75 (1964). 
10. G.P. Gushchin, Methods, Instruments, and Results of 
Measurements of the Spectral Transmission of the Atmosphere 
(Gidrometeoizdat, Leningrad, 1988), 200 pp. 
11. S.M. Sakerin, R.F. Rakhimov, E.V. Makienko, and 
D.M. Kabanov, Atmos. Oceanic Opt. 13, No. 9, 754–758 
(2000). 
12. S.M. Sakerin, D.M. Kabanov, Yu.A. Pkhalagov, and 
V.N. Uzhegov, Atmos. Oceanic Opt. 15, No. 4, 285–291 
(2002). 
13. G.F. Bohren and D.R. Huffman, Absorption and 

Scattering of Light by Small Particles (Willey, New York, 
1983). 
14. L.S. Ivlev and S.D. Andreev, Optical Properties of 
Atmospheric Aerosols (State University Publishing House, 
Leningrad, 1986), 360 pp. 
15. V.E. Zuev and G.M. Krekov, Optical Models of the 
Atmosphere  (Gidrometeoizdat,  Leningrad,  1986),  256 pp. 
16. D.M. Kabanov and S.M. Sakerin, Atmos. Oceanic Opt. 
9, No. 6, 459–463 (1996). 
17. D.M. Kabanov, S.M. Sakerin, and S.A. Turchinovich, 
Atmos. Oceanic Opt. 14, No. 12, 1067–1074 (2001). 
18. D.M. Kabanov and S.M. Sakerin, Atmos. Oceanic Opt. 
10, No. 8, 540–545 (1997). 
19. A. Smirnov, B.N. Holben, T.F. Eck, O. Dubovik, and 
I. Slutsker,  Remote  Sens.  Environ.  73,  337–349  (2000). 
20. S.D. Kashinskii, L.I. Trifonova, and Ts.A. Shver, eds., 
Climate of Tomsk (Gidrometeoizdat, Leningrad, 1982), 
176 pp. 
21. S.M. Sakerin and D.M. Kabanov, Atmos. Oceanic Opt. 
(2007) [In print]. 
22. A. Smirnov, N.T. O’Neill, A. Royer, A. Tarussov, and 
B. McArhur, J. Geophys. Res. D. 101, No. 14, 19,299–
19,318 (1994). 
23. E.V. Yarkho, Atmos. Oceanic Opt. 8, No. 7, 553–557 
(1995). 
24. S.M. Sakerin, D.M. Kabanov, T.A. Eryomina, 
T.M. Rasskazchikova, and S.A. Turchinovich, Atmos. 
Oceanic Opt. 11, No. 10, 897–901 (1998). 
25. M.V. Panchenko, Yu.A. Pkhalagov, R.F. Rakhimov, 
S.M. Sakerin, and B.D. Belan, Atmos. Oceanic Opt. 12, 
No. 10, 883–894 (1999). 
26. K.Ya. Kondratyev and Al.A. Grigoryev, Atmos. Oceanic 
Opt. 17, No. 4, 245–255 (2004). 
27. E.V. Makienko, R.F. Rakhimov, D.M. Kabanov, 
V.S. Kozlov, M.V. Panchenko, S.M. Sakerin, V.N. Uzhegov, 
Yu.A. Pkhalagov, S.A. Terpugova, and M.A. Sviridenkov, 



S.M. Sakerin and D.M. Kabanov Vol. 20,  No. 2 /February  2007/ Atmos. Oceanic Opt.  149 
 

 

14 ARM Science Team Meeting Proc. (Albuquerque,  
New Mexico, 2004) http://www.arm.gov/publications/ 
proceedings/conf14/ extended_abs/makienko-ev.pdf. 
28. B.N. Holben, D. Tanre, A. Smirnov, T.F. Eck, 
I. Slutsker, N. Abuhassan, W.W. Newcomb, J.S. Schafer, 
B. Chatenet, F. Lavenu, Y.J. Kaufman, J. Vande Castle, 
A. Setzer, B. Markham, D. Clark, R. Frouin, R. Halthore, 
A. Karneli, N.T. O’Neill, C. Pietras, R.T. Pinker, K. Voss, 
and G. Zibordi, J. Geophys. Res. D. 106, No 11, 12,067–
12,097 (2001). 
29. N.N. Ulyumdzhieva, N.E. Chubarova, and A.N. Smirnov, 
Meteorol. Gidrol., No. 1, 48–57 (2005). 
30. O. Dubovik, B. Holben, T.F. Eck, A. Smirnov, 
Y.J. Kaufman, M.D. King, D. Tanre, and I. Slutsker, J. 
Aerosol Sci. 59. 590–608 (2002). 

31. V.E. Cachorro, P. Duran, R. Vergaz, and A.M. de Frutos, 
J. Aerosol. Sci. 31, No, 6, 687–702 (2000). 
32. M. Weller, E. Schulz, U. Leiterer, T. Naebert, A. Herber, 
and L.W. Thomason, Contr. Atmos. Phys. 71, No. 4, 387–
400 (1998). 
33. E.V. Gorbarenko, Meteorol. Gidrol., No. 3, 12–18 (1997). 
34. B.D. Belan, T.M. Rasskazchikova, and T.K. Sklyadneva, 
Atmos. Oceanic Opt. 18, No. 10, 796–801 (2005). 
35. S.M. Sakerin, D.M. Kabanov, M.V. Panchenko, 
V.V. Pol'kin, B.N. Holben, A.V. Smirnov, S.A. Beresnev, 
S.Yu. Gorda, G.I. Kornienko, S.V. Nikolashkin, 
V.A. Poddubnyi, and M.A. Tashchilin, Atmos. Oceanic Opt. 
18, No. 11, 871–878 (2005). 
36. S.M. Sakerin and D.M. Kabanov, 16 ARM Sci. Team 
Meeting Proc. (2006). 

 
 


