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Statistical characteristics of aerosol extinction coefficients (a‘g) and aerosol optical thickness (1‘2)
assessed from simultaneous measurements of atmospheric transparency in the wavelength range from 0.44
to 1.06 um on horizontal and slant paths are considered. The height of the homogeneous atmosphere
Hy(n) = ¥ /€5 is calculated from these data. It is shown that Hy in the spectral range A = 0.44—0.56 um
is about 1 km, and it decreases down to 0.6 km at A = 1.06 um. The correlation between 812 and rf is
analyzed. In general case the correlation between these parameters in summer is shown to be fairly weak
with the value of 0.36-0.37 in the visible wavelength range at the significance level of 0.16. It is
supposed that the correlation between these optical characteristics breaks due to practically independent
dynamics of fine and coarse aerosol particles. To decrease the contribution of coarse aerosol to the
variation of sf and rf, they were divided into the fine and coarse components. In this case the correlation

. A A,
between the fine components of € and 73 increases somewhat.
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Introduction

In spite of the long history of research into aerosol
extinction of radiation in the atmospheric surface layer

a‘% and in the atmospheric column r‘;} = f a‘% d#, there

are very few papers devoted to the problem of joint
variations of these correlated characteristics (see, for
example, Refs. 1-6). The aerosol extinction coefficients

s‘% were estimated from indirect data: either
instrumental visual observations of meteorological

range S, = 3.9/861_55 or nephelometric measurements of
angular scattering coefficients. In the first case, the
results have low accuracy and provide an idea about the
effective extinction coefficient in the spectral range of
human eye sensitivity. Nephelometric measurements (as
a rule, at one angle and one wavelength) characterize,
with acceptable accuracy, only the scattering coefficient
caused by submicron aerosol.

The published results of investigations of two
transparency characteristics are extremely contradictory:
from the absolute absence of correlation? to the presence
of strong correlation> at S, > 10-16 km. The
conclusions of Ref. 3 are likely the most realistic. This
paper considered more than 400 events of joint
measurements © and S, near Voeikovo (Leningrad
Region) and showed that the correlation coefficient
between them did not exceed 0.25—0.4. To be mentioned
in this connection is Ref. 7, where the correlation
between the scattering coefficients of dried aerosol at
the altitudes from 0.3 to 3 km and the possibilities of
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parameterization of its vertical profile are analyzed. It
indirectly follows from Ref. 7 that even in this case
(only for the submicron component of dry aerosol) one
can expect significant correlation based on classification
of data according to atmospheric conditions: seasons,
synoptic conditions, time of day.

Let us mention the possible reasons for correlation
breaking between two transparency characteristics.
The mechanisms of convection, turbulence, and
transformation of aerosol properties (under the effect of
humidity and insolation), as well as the processes
related to cloudiness and alternation of pressure fields,
can play a significant role in aerosol extinction in the
atmospheric surface layer and in the atmospheric column.
One of the consequences is the different response to the
diurnal dynamics of atmospheric conditions right up to
the contrary diurnal behavior of ‘c‘;l and s‘; (Ref. 1).

Reference 8 is the only one paper devoted to joint
investigations of the spectral dependence of s‘; and r‘;.
Variations and correlation statistics is not presented
there, but the relative value of Hy(L) = r‘g/s‘;, which
can be defined as an effective height or the height of
the homogeneous aerosol layer, is analyzed. The
variability range of H{ from 0.44 to 1 km and its
decrease with the wavelength increase are demonstrated
with some examples.

In our opinion, the investigations of the joint

variations of the spectral characteristics ‘r‘% and 81;‘} are
interesting and important because of two reasons. First,
the use of the meteorological range Sy, or other optical
characteristic as an input parameter characterizing the
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aerosol optical thickness in radiation calculations requires
more careful justification for different types of the optical
weather and spectral ranges. Second, the analysis of the
results of joint experiments will help us to better
understand  the  processes  of  spatiotemporal
transformation of different aerosol fractions.

At the first stage of our study, we consider the
available results of independent experiments to analyze

the most general properties and peculiarities of s’% and
'cf variations in different wavelength ranges. This allows
us to determine methods to be used and problems to be
solved in further experiments.

1. Experimental conditions

The results of independent measurements of
horizontal and slant atmospheric transparency near
Tomsk in warm seasons of 1995-2000 were used for
estimation of ef;% and r‘; variations and correlation. The
join array {s‘;, ‘c‘;} was formed from the series of
observations of the aerosol optical thickness (AOT) of
the atmosphere (hourly mean data). Then the

corresponding values of ¢l were calculated through

interpolation for the time of 'cf measurements. One can
get the general idea about the number of data collected
in different periods of measurements and about the
atmospheric conditions from Table 1. The meteorological
range S;, in the period of observations was relatively
long and varying from 13 to 100 km.
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Let us characterize briefly the instruments and
methods used for determination of AOT and aerosol
extinction coefficients in the atmospheric surface layer
(Table 2). The spectral transparency of the atmospheric
column was measured with a multiwave sun photometer?
installed on a building roof at the height of ~ 18 m
above the surface. Observations were carried out in short
~ 5 to 30 min series, when the sun was free of clouds.
Then the hourly mean values were calculated from the
obtained data. The techniques for photometer calibration
and AOT determination with the use of LOWTRAN-7
software (Ref. 10) are generalized in Ref. 11. The
atmospheric columnar water vapor W was measured
with the sun photometer simultaneously with the aerosol
component. So the data on joint water vapor variations
in the atmospheric surface layer and the atmospheric
column were sometimes involved for comparison.

The horizontal transparency of the atmosphere was
measured with an automatic photometer.12 The
horizontal path was at the height from 5 to 12 m above
the surface. The total radiation extinction was
determined from the obtained transparency signals, and

then the aerosol extinction coefficients s‘% were
separated using the method of multiple regression.!3
The periodicity of measurement cycles was 4 h in 1995—
1999 and 3 h in 2000. The calculated values of sf were
then interpolated for comparison with AOT.

The diurnal behavior of the characteristics under
study is exemplified in Fig. 1.

Table 1. The number of data N {a“:, r‘g} and variations of meteorological parameters

Period N {fﬁ; g‘f} T, °C a, g/m3 RH, %
June 12—July 15, 1995 62 10.1-29.7 5.9-10.0 46.5-99.9
Aug 18-Sep 12, 1997 14 7.7-21.9 3.7-7.7 48-80
June 22—June 28, 1999 40 13.1-24.4 4.5-71 37-78.5
July 01—July 17, 2000 28 12.7-25.5 4.6-7.8 35.7-85.3
1995-2000 144 7.7-29.7 3.7-10.0 35.7-99.9

Table 2. Main characteristics of atmospheric transparency meters

Sun photometer

Pass bands of interference filters*, um
Field of view, deg
Number of readings in hourly mean values

LA
Error in T3,

0.44, 0.48, 0.52, 0.55, 0.69 (0.67), 0.87, 1.06

0.75
10-40
0.01

Photometer of horizontal transparency

Pass bands of interference filters*, pm
Measurement path length, m
Number of readings in hourly mean values

A _
Error in €, km™!

0.44, 0.48, 0.52, 0.55, 0.69, 0.84 (0.87), 1.06

830
6
0.01

* Amax are given only for the compared wavelength ranges of the two instruments. Since
filters were replaced in some years, the corresponding Ay .y are given in parentheses.
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Fig. 1. Example of joint variations of optical and

meteorological characteristics.

It is seen from Fig. 1 that the tendencies of ‘r‘% and
s’; variations are different in different time: although
weak, but contrary behavior before noon, and
qualitatively the same dependence in the afternoon with
the maximum turbidity at about 2 p.m. The diurnal
dynamics of the effective heights of aerosol and water

Vol. 15, No. 04 /April 2002/ Atmos. Oceanic Opt. 287

vapor was the same — permanent increase of the height
during a day.

2. Peculiarities of spectral dependence
of &5, 3, and the height H

The joint data array was statistically processed to

. . b A A
reveal peculiarities in variation of &) and 73. The

results are given in Table 3 and Fig. 2. It is seen that
all statistical characteristics have the same spectral
behavior, namely, the monotonic decrease with the
increasing wavelength. The spectral dependence can be
seen even in the variation coefficients V that characterize
the relative variability. Nevertheless, the character of
the spectral structure of € and t; is different (Fig. 2a).
In particular, the spectral dependence of r‘% has more
steep behavior starting from the central visible range
and significantly less absolute values in the IR region
as compared with s‘;. The degree of selectivity estimated

with the Angstrom parameter
() = pr Y, (1

is roughly twice as high as for AOT (Table 3). From

the greater selectivity of r‘;} and less values in the IR
region, it follows that the spectral differences are
caused, first of all, by higher content of coarse aerosol
in the atmospheric surface layer. (In principle, this
result is expected, and the problem is in specific
quantitative characteristics of the relative contribution
of different-size particles).

Table 3. Statistics of t‘f, a‘il, and Hy (V = cx/i are variation coefficients),

o, and o are the Angstrom parameters

Parameter A, um X ‘ ox ‘ \%4 Min Max
0.44 0.12 0.05 0.40 0.04 0.31

0.48 0.11 0.04 0.40 0.03 0.29

0.52 0.10 0.04 0.40 0.03 0.26

Tf 0.56 0.09 0.04 0.41 0.03 0.23
0.69 0.07 0.02 0.36 0.03 0.15

0.87 0.05 0.02 0.36 0.02 0.12

1.06 0.04 0.01 0.34 0.01 0.09

Ol 1.23 0.51 0.42 0.01 2.54
0.44 0.13 0.06 0.45 0.04 0.39

0.48 0.12 0.05 0.43 0.04 0.36

0.52 0.11 0.05 0.44 0.03 0.34

811, km™! 0.56 0.11 0.05 0.43 0.02 0.29
0.69 0.10 0.04 0.43 0.02 0.26

0.87 0.09 0.04 0.42 0.01 0.19

1.06 0.08 0.03 0.39 0.02 0.17

Ol 0.54 0.30 0.56 0.07 1.83
0.44 1.02 0.51 0.50 0.22 3.77

0.48 0.98 0.46 0.46 0.22 2.67

0.52 1.03 0.52 0.50 0.22 3.29

Hy, km 0.56 1.01 0.67 0.68 0.22 5.95
0.69 0.80 0.52 0.66 0.18 3.63

0.87 0.74 0.58 0.79 0.18 4.57

1.06 0.61 0.40 0.65 0.12 3.19
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Fig. 2. Spectral behavior of mean values of aerosol extinction (a),
fine components (b), and effective height Hy (¢).

When interpreting the data, we divided aerosol
into only two fractions, namely, fine and coarse
particles (according to their relative size x = 2nr,/A):

a) the relative size of fine particles lies in the range
under the first maximum of the extinction efficiency
factor, and this leads to the power dependence of the
extinction on A;

b) coarse particles of the size x in the range larger
than the first maximum determine the quasi-neutral
spectral dependence of aerosol extinction.
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We can estimate the optical contributions of fine
and coarse aerosol by representing the extinction
characteristics in the form of two components, for

example, for the coefficient s‘;} we have

el =) + e~ el + el 2)
where the superscript F denotes the selective component
of fine particles, and C denotes the contribution of the
coarse fraction. It is seen from Fig. 2b that the spectral

dependences of s{ and 'cf also have different selectivity,
likely because of different characteristics of the fine
fraction in the atmospheric surface layer and in the
entire column. However, it is early to draw some
conclusions without inversion of the optical data and
the estimate character of division (2).

The spectral peculiarities of s‘; and r’; manifest
themselves in the behavior of the effective height H
which gives an idea about the vertical profile of aerosol
extinction. The height Hy~1km in the visible
wavelength region remains at the same level (see
Table 3 and Fig. 2¢) and then quickly decreases as the
wavelength increases. The large variance of the
effective height can raise some doubts in the reliability
of the spectral dependence. Calculations performed
according to the Student criterion have shown that the
differences in H( in the range from 0.44 to 0.56 um are
not significant, and the difference with the range of
1.06 pm is significant with the confidence probability
of 0.997. The decrease of the effective height in the IR
region is a rather expectable result, because the coarse
aerosol is largely concentrated in the atmospheric surface
layer. Fine particles are more easily driven by wind and

stored in the atmosphere, so the mean value of Hg is
about 1.6 km. The presence of the spectral behavior of
Hy(h) reflects re-distribution of the roles of the two
fractions in different wavelength ranges. It should be
also noted that the relative variability of H| increases
in the IR region, and this evidences significant variations
of the content of coarse aerosol just near the surface.

For comparison, let us present the values of the
effective height H, obtained by other authors for the
central visible range: 0.7 to 2, ~ 1.3, and 0.5 to 1 km,
respectively, in Refs.4, 5, and 8. The vertical
distributions of molecular scattering and water vapor
content are more homogeneous as compared with that of
aerosol, and their effective heights are 8 km and about
2 km (in summer!4), respectively. The mean height H|
for the data array under consideration is 1.9 km.

3. Correlation and eigenvectors

The degree of correlation of the aerosol extinction
characteristics at different wavelengths can be estimated
by the correlation coefficients pg(0.44; ;) and p.(0.44; A;)
given in Table 4. (The critical value of correlation for
the considered data array is 0.16 with the confidence
probability of 0.95.)
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Table 4. Correlation coefficients of aerosol extinction
characteristics

A, um 0.44 048 0.52 056 069 087 1.06
p(0.44;2) | 1 099 0.99 096 091 085 0.83
p(0.44;2) | 1 099 099 099 091 073 0.42
(1, &) 0.37 0.36 033 026 0.15 0.01 —0.04

As to spectral peculiarities, it should be noted that

the near-surface coefficients 8{2 keep higher correlation
values as the wavelength increases. The most possible
reason is likely the same, namely, different contribution
of coarse particles to aerosol turbidity in the
atmospheric surface layer and the atmospheric column.
For example, the contribution of the coarse fraction in
the range 0.44 pm in the atmospheric surface layer is
61%, and that in the atmospheric column is only 30%.
So the variations of 1€ are poorly seen in ! in the
shortwave range. It should be also noted that low
values of AOT in the range of 1.06 um approach the
error value (At ~ 0.01-0.015). Consequently, the noise
component that is not related to aerosol becomes

apparent in the variance of r‘{l'os variations.
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Quite different situation is observed in the
atmospheric surface layer. The significant contribution

of €€ keeps in the entire range, and variations of coarse
aerosol provide for the coordinated change of s‘;. Thus,
we can conclude that the correlation p.(0.44; 2;) is
mainly related to fine particles and, together with ’L'f, it
quickly decreases as the wavelength increases. The
higher correlation pg(0.44; %;) is largely supported by
coarse aerosol.

As to the statistical correlation of AOT and the
it can be noted that the
significant correlation is observed only in the range up
to 0.56 um (see the lower row of Table 4). The
practically independent dynamics of fine and coarse
aerosol (especially, in different atmospheric layers) and

extinction coefficients,

their different optical contribution to formation of ‘t‘;l
and s‘g lead to weakening and even break of correlation
between the optical characteristics (Figs. 3¢ and b).
Even selection of only fine components of el and f
insignificantly increases their correlation (Fig. 3c¢).
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Fig. 3. Scatter diagrams of different components of aerosol extinction and humidity.
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It is also necessary to note possible methodical
reasons for poor correlation of near-surface and columnar
extinction. Obviously, the content and variations of
coarse aerosol are more significant near the surface. So,
because of the different height of transparency meters
(~ 8 and 18 m), the portion of aerosol recorded in the
atmospheric surface layer does not reach the level of the
sun photometer. The influence of the difference in the
measurement paths should be referred, to some extent,
to the submicron aerosol as well. Besides, a slight increase
of the correlation when passing to the fine components

{8{, rf} is related to the rough division of aerosol
extinction into two components (2) on the assumption
that t¢ = rf_os (it would be more correct to use the values
in the range of 2—4 um, but we had no such data).

The correlation of the humidity characteristics is
shown in Fig. 3d for comparison. In spite of the difference
of processes related to humidity in the atmospheric
surface layer and in the atmospheric column (for
example, outflow of water vapor into cloudiness), the
correlation remains quite high (0.63). As a consequence,
the effective height of water vapor is more stable and
slightly changes within one season.

The autocorrelation matrices pg()e(iy)s Pr(T(OL),
and pgr ()0, allow calculation of eigenvectors @(1)
and eigenvalues (u) of these matrices,!> whose analysis
formally enables us to estimate the number of factors
forming the spectral structure of the parameters rf, el
and H,. The spectral behavior of two first eigenvectors
@1(2) and 93(1) of the autocorrelation matrices pe(y)e(,,)»
P00, A0d P (1) H, () 15 shown in Fig. 4 (curves /-3,
respectively), and the eigenvalues pq and
characterizing the portion of variance related to these
vectors are given in Table 5.

O
0 ’ﬂ
-0.3 /D/
L1 | | | I
0.4 0.6 0.8 1 A, um

Fig. 4. Spectral behavior of two first eigenvectors of
autocorrelation matrices of 72 (1), &1 (2), and Hy (3).
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Table 5. Eigenvalues of autocorrelation matrices

Parameter Eigenvalue
Hq H2
4 0.948 0.040
el 0.949 0.044
H, 0.885 0.077

Analysis of Fig. 4 and Table 5 enables us to note
the following:

The spectrum of the vector ¢;(1) for 5 (curve 1)

differs from that of af;% (curve 2) both in the character
of the spectral behavior and in the absolute value. This
confirms the above conclusion about the dominant role
of fine aerosol in the variability of ! and essentially
smaller relative contribution of these particles to

variations of 8‘;1.

The spectrum of the vector ¢{(L) of Hy has a
pronounced minimum at A = 0.48 um and maxima at
A=056 and 0.87 pum. It is difficult now to
unambiguously interpret the non-monotonic structure of
¢1(1). Additional investigations are needed.

Almost 95% of r‘}{v and aﬁ variance falls on the first
eigenvector, which represents the contribution of
spectrally constant-sign variations of these values, and
4% fall on the second eigenvector representing the
contribution of alternating-sign variations.

As to the vector (1) of Hy, only 88% of variance
falls on it in the considered data array, and 8% fall on
the second vector.

Conclusion

The analysis has shown that in summer under
conditions of relatively high atmospheric transparency
(S, > 13 km) the correlation of the characteristics of
aerosol extinction in the atmospheric surface layer and
in the atmospheric column is weak and significant only
in the visible wavelength region. The reason for poor
correlation is different optical contributions of fine and
coarse aerosol to ‘c‘;l and s‘g, whose dynamics are
practically independent and have singularities at
different heights. The difference in optical influence of
the two fractions on r‘;} and Sé manifests itself in the
different selectivity of their spectral behavior (a, = 1.23
and a, = 0.54) and significant decrease of the effective
height Hy, (from 1 to 0.6 km) at the increasing
wavelength. Actually, the dependence Hy(L) reflects
re-distribution of the contributions of the two fractions,
each having essentially different effective height
HY ~ 1.6 km and H§ ~ 0.6 km.

To be noted is the role of coarse aerosol, which
makes the principal contribution (in the mean value and
the variance) in the atmospheric surface layer, but is not
so significant in the atmospheric column. So the success
in modeling the correlation between 1{2 and s’; depends,
first of all, on the possibility of parameterization of the
coarse component of extinction (especially since the
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possibility of realization of the similar problem for
submicron aerosol has already been demonstrated?).

The results obtained enable us to select the problems
to be solved and the methods to be used for further
research. First, to restrict the wvariety of external
conditions, it is worth considering the joint variability
of ‘c‘;l and s‘% in individual seasons and synoptic situations.
Second, individual analysis of the diurnal dynamics of
fine and coarse components of 1{2 and s’; (because of the
different response to external conditions) and
determination of the most significant meteorological
predictors will be needed in the further studies. In this
connection, the necessity of inverting the optical data

{r‘;}, sﬁ} becomes more obvious, since it will allow more
detailed analysis of peculiarities in the processes of
aerosol transformation in the atmospheric surface layer
and the atmospheric column.
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