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The behavior of vertical profiles of scattering coefficients is examined based on statistical analysis
of the data obtained during whole day round lidar experiments conducted in a spring-summer period. The
data were separated into subsets according to the type of air masses, season, and time of the day. The
behavior of autocorrelation matrices was shown to vary with altitude whereas eigenvectors demonstrated
their statistical stability. Four-layer altitude model is proposed taking into account peculiarities of
behavior of the scattering coefficients' mean profiles and their statistical characteristics.

As known, vertical structure of the aerosol fields
in the lower troposphere is formed under the effect of
physical processes of different temporal and spatial
scales, from micrometeorological to synoptic ranges of
the spectrum. It causes the time duration of an
experiment from diurnal to seasonal.

Investigations of the optical and microphysical
properties of aerosol fields in the troposphere have been
carried out during recent years principally by means of
airborne instrumentation!,2 and the ground-based laser
sounding tools.34 The most complete statistical data of
optical observations are published in Ref. 5 where the
data array is presented, which was obtained from airborne
nephelometric measurements and was intended for
creation of a dynamical model of the optical
characteristics of atmospheric aerosol. Such a model is
based on the peculiarities of diurnal, seasonal, and annual
behavior of the scattering coefficient at different altitudes,
including the dependence on the type of air mass.

Though  having the undoubted scientific
significance of such investigations, especially for large
spatial scales, one should note their principal
disadvantage related to organization of airborne
observations. First of all, this means great time
discreteness of measurements along the vertical
direction in different time of day, especially at small
altitudes in the nighttime.

In this paper, which is based on the
conception proposed in Ref. 5, we consider the behavior
of the vertical profile of the scattering coefficients in
different time of day and under different synoptic
conditions with more fine spatial and temporal resolution.

We use the data of sounding at the wavelength
0.53 um obtained in spring and summer (April=June)
1993 by means of a LOZA-3 lidar in the city of Tomsk.
Measurements were performed round-the-clock every
two hours. The lidar sounded the atmosphere both in
horizontal and vertical directions up to 2 km with the
spatial resolution of 15 m. Thus, 12 vertical profiles of
aerosol scattering coefficients were obtained every day.
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Let us briefly consider the peculiarities of synoptic
and meteorological conditions of the atmosphere during
the period of this experiment. The temporal diagram of
the change of air mass is shown in Fig. 1, and the
occurrence (%) of the principal synoptic objects during
the period under study is given in Table 1.6
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Fig. 1. Temporal diagram of the change of air mass during the
experiment.

According to data of many-year observations in
West Siberia, the main contribution (60%) to the
formation of synoptic situations comes from midlatitude
continental air mass.” It is approximately the same
statistics (52%) that was observed in the experimental
study considered. It is important that in the first half
of the period of observations the main contribution
came from the Arctic air mass, while in the second half
the continental polar air mass dominated.

As for the statistics of the occurrence of
principal synoptic situations presented in Table 1, it
differs, for May, from many-year one in which an
insignificant peak of cyclonic activity is normally
observed.”
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Table 1. Frequency of occurrence (%) of the principal synoptic objects

Month Cyclone Anticyclone Front Contrast zone Small-rate tield Fronts + Cyclones
v 18 38 22 6 24 31
\% 27 35 20 14 5 47
VI 33 16 8 3 40 41

The variety of synoptic conditions allows us to
examine the possibility of describing the general form
of the vertical distribution of the scattering coefficient,
because the statistical lidar data on the behavior of the
aerosol scattering coefficient are very limited and
mostly are only illustrative.3 In particular, the three-
layer altitude model has been proposed in Ref. 4, but
these data were obtained only in anticyclones in
nighttime, and so they do not reflect the whole pattern.

Figure 2 shows the monthly mean diurnal behavior
of the vertical distribution of the aerosol scattering
coefficient. In general, the behavior of the profiles in
the aforementioned months is similar. As one should
expect, the greatest altitude gradient is observed in the
near-ground layer of the atmosphere, where the effect
of diurnal behavior is also well pronounced. The
diurnal variability in spring (April and May) is

characterized by sharp maxima in the lower layers. As
follows from the synoptic situation (see Table 1 and
Fig. 1), it is possibly caused by a frequent change of air
mass and insufficient heating of the boundary layer.
One should note that the maximum of aerosol
scattering coefficient in April is observed at 1 p.m.,
while in May the first maximum is at 9 a.m. and the
second one at 7 p.m. The mean diurnal behavior of the
aerosol number density obtained in the ground layer
near Novosibirsk in summer is quite similar.8 The
evening maximum in 1991 has a lower amplitude, but
in the data of 1993 it forms the main peak. Since the
increase of aerosol number density correlates with the
solar radiation, the authors of Ref. 8 have drawn the
conclusion that the fine particles generated in
photochemical transformations make up the principal
aerosol fraction that leads to the first maximum.
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Fig. 2. Mean diurnal behavior of the vertical distribution of the scattering coefficient in different months.

Summer period represented by measurements in
June is the most characteristic of the whole
measurement cycle. In order to consider the dynamics
of diurnal behavior of the vertical profile of aerosol
scattering coefficient in a more detail, let us select the
data array with the minimum observed values of the
aerosol scattering coefficient o(H). As follows from
Fig. 2, these are the values obtained at 1 a.m.

Figure 3 shows the temporal dependences
Ac(H, t) = o(H, t) — o(H, 01), which characterize the
mechanism of transformation of the profiles during a
day. In summer, in the evening and nighttime, the
near-ground temperature inversion is usually formed.9
Its altitude reaches 400—500 m in the morning.

According to the formed dependence, the function
Ac(H, 01) takes zero value within the whole altitude
range. As follows from two next measurements, the
altitude of 400—-500 m is the boundary, above which the

value o(H) is less than o(H, 01), and below it o is
greater than o(H, 01). Sunrise is the trigger for the
processes of turbulent exchange, generation of "new"
aerosol, and aerosol emission from the underlying
surface to the above layers. The first stage of this
process is represented by measurements at 7 a.m. One
can see a significant increase in the scattering
coefficient in the near-ground layer and formation of a
peculiar section boundary at the altitude of 600 m,
where o(H) already exceeds its nighttime values
(compare with the data on Ac(H, 03) and Ac(H, 05)).
Probably, the increase of c(H) at these altitudes at this
time of day is caused by dominating processes of
photochemical and chemical gas—to—particle
transformations. The aerosol emission  processes
dominate in the lower part of the atmosphere. The next
measurement performed in 2 hours confirms this
hypothesis. It is characteristic that the section
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boundary (~ 600 m) exists as before, indicating the
presence of temperature inversion or the layer with a
stable stratification.

On the whole, the spatiotemporal dynamics of
vertical distribution of the aerosol scattering coefficient
coincides with the diurnal behavior of
the thermal regime of the atmospheric boundary
layer in the midlatitudes in summer.9 Air temperature
quickly increases in the morning and reaches its
maximum values at 1-2 p.m. Then it slowly decreases
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with the increase in the gradient since5 p.m.
until sunset. It is observed in the altitude behavior
of o(H) so that the maximum values of the
scattering coefficient in the near-ground layer, intensive
filling of the lower under-inversion layer, and its
penetration into the above layers are observed at
11 a.m. Then this process continues until 1 p.m. The
evidence of this fact is the decrease in the scattering
coefficient up to 600 m and its increase in the layer up
to 1200 m.
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Fig. 3. Mean diurnal behavior of the vertical distribution of the relative values of the aerosol scattering coefficient Ac(H, t) in

June. The basis profile is that obtained at 1 a.m.

As is seen in Fig. 2, the diurnal behavior practically
does not affect the scattering coefficient at these
altitudes. This dependence correlates with the diurnal
behavior of temperature. The amplitude of temperature
oscillations at these altitudes decreases by more than 5
times relative that in the near-ground layer,9 that, by the
way, defines the term “boundary layer.”

The described mechanism of transformation of the
vertical profile of the aerosol scattering coefficient lies
in the frameworks of the concept on the presence of the
principal (PML) and internal (IML) mixing layers in
the atmosphere. As follows from this concept examined
on the basis of data on the aerosol number density, the
aerosol generated in the near-ground layer is firstly
accumulated inside the IML and then it penetrates to
the principal mixing layer.19

Since 3 p.m. the intensity of turbulent exchange
decreases, and the section boundary appears at the
altitude of 600 m. The upper layers are destroyed, and

the accumulation of aerosol is observed in the lower
layers. It reaches the maximum value at 7 p.m. Thus,
two maxima are observed in the diurnal behavior, at
11 a.m. and 7 p.m. In the evening generation of new
particles, due to photochemical reactions and aerosol
emission  from  the near-ground layer  stop.
Simultaneously their sedimentation to the ground
surface occurs, and, hence, the atmosphere is cleaned.
Considering the presented vertical distributions of
the aerosol scattering coefficient together with the
vertical behavior of the variance, one can reveal the
characteristic altitude ranges, where the transformation of
the diurnal behavior is observed. Figure 4 shows the
vertical profile of the variation coefficients of c(H) for
two opposite moments of a June day: daytime (1 p.m.)
and night (1 a.m.). As is seen from Figs. 3 and 4, there
are some nodes which divide the altitude ranges in the
atmosphere by the dynamics of their optical properties. In
this case, the characteristic nodes are at the following



Yu.S. Balin and A.D. Ershov

altitudes: near-ground layer of the atmosphere
(~ 200 m), internal mixing layer (~ 600 m), and the
principal mixing layer (~ 1200—1400 m).
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Fig. 4. Vertical profile of c(H) variations.

For quantitative estimation of the relationships
between the optical parameters of the atmosphere at
different altitudes, let us consider statistical
characteristics of the profiles c(H). Let us carry out the
statistical analysis on the basis of autocorrelation
matrices and systems of their eigenvectors, that makes
it possible to use the method of optimal extrapolation
of the altitude behavior of o(H) in the following
form!!:

m

o(H) =5 (H) + Y Cilo) Fr(H)
k=1
where C,(c) are the coefficients of expansion over the
eigenvectors, m is the number of eigenvectors used in
reconstruction of the profiles. If only the first
eigenvector has been used, we have a single-parameter
model, and the problem is in finding the relations
between Ci(c) and easy measurable parameters of the
medium, which are the input parameters to the model.

It is proposed in Ref. 12, to use the scattering
coefficient in the near-ground layer of the atmosphere
and /or the optical thickness as input parameters for
realizing the procedure of reconstruction. It is the way
used in one of the first Elterman’s models.!3 For
refining the model one can use subsequent expansions.
The authors of Ref. 12 relate the variations of o(H) to
the integral characteristics of air temperature in the
near-ground layer of the troposphere as a whole, and
demonstrate the efficiency of such an approach by
histograms of distribution of the relative errors in
reconstructed vertical profile of the aerosol scattering
coefficient in different seasons.

When analyzing the properties of optimal
representations of the vertical profile of the
aerosol scattering coefficient, one should pay
attention to the character of their statistical
stability, i.e., to the types of distributions in
different meteorological situations. So, analysis of
the statistical characteristics was carried out both
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for the data array as a whole and with dividing
according to the features taking into account the
greatest variations of o(H). First of all, it is the
seasonal variability considered according to the
calendar principle, variability inside a season, i.e.,
analysis of the types of air mass, diurnal dependence,
i.e.,, the daytime and nighttime periods. The
quantitative parameters of the data arrays formed in
that way are presented in Table 2.

Table 2
Data Array Number of [Ratio to the total
measurements number, %
Daytime (7.00-19.00) 363 56
Nighttime (21.00-5.00) 280 44
April 188 29
May 301 47
June 154 24
Arctic type of air mass 331 31
Midlatitude type of air mass 287 45
Whole array 643 100

Correlation  matrices and the system of
eigenvectors were calculated up to 1500 m with the
spatial resolution of 30 m. Let us first consider the
behavior of autocorrelation matrices depending on the
season (Fig. 5). It is seen that the altitude dependences
change at the transition from spring measurements to
the summer ones. The uniform change of the correlation
coefficient with altitude is characteristic of April, while
in May the altitude of 600 m can be noted, where all
curves are concentrated. Thus, the area below this
boundary, where the values of the aerosol scattering
coefficient at all altitudes are well correlate with each
other (R >0.5).

An approach was proposed in Refs. 1 and 5 for the
objective estimation of the mixing layer height. The
approach is based on the data of airborne measurements
of optical and microphysical characteristics of aerosol
and lies in finding the altitude of the correlation
destruction. As authors of Ref. 5 note, it is more
correct to call this altitude “the height of correlation
layer.” They propose to take the altitude where the
correlation coefficient R(cy, o) decreases down to 0.5
as the estimate of this height.

In our case (spring months), the first boundary
value corresponds to the height of 600 m, i.e., the
height of the internal mixing layer. Above this
boundary, the variations of the correlation coefficient
behavior are observed as characteristic concentration of
lines near 1500 m in April and 1300 m in May. In June
the correlation coefficients have large values in all the
altitude range considered because of good turbulent
exchange between the layers. The boundary value is
1300 m. In Ref. 15 we have presented the correlation
matrices obtained based on measurements of June 1995,
which are similar to the described one. This is an
evidence of some statistical stability of the correlation
matrices for summer.
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Fig. 5. Autocorrelation matrices (upper part) and the systems of their eigenvectors Fj (lower part) for different months of

observations.
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Fig. 6. The same as in Fig. 5 depending on the type of air mass.
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Then the realizations were selected from the data
array, which correspond to the Arctic and continental
polar type of air mass. As is seen from Fig. 6, in
general the behavior of correlation coefficients is
analogous to that considered above. It is well seen from
comparison of the matrices of May cycle and Arctic
type of air mass. One can easy explain this fact,
because the weather in this period was determined just
by this type (see Fig. 1) of air mass.

If we consider the entire set of measurements
shown in Fig. 7, one can see a more or less uniform
altitude distribution of the correlation curves with the
characteristic peculiar to May cycle of

features

| Nighttime
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measurements. Most likely, as it follows from Table
2, this is explained by a larger bulk of data compiled
during this period compared to other months. The
data for daytime (7 a.m. till 7 p.m.) and nighttime
(9 p.m. until 5 a.m.) conditions are also shown
in this figure. The wvariations of matrices are

significantly different. In the daytime, the first
altitude where R(c(, o) = 0.5 is 400 m, and the
concentration of lines, which determine the height of
the internal mixing layer, is observed at 600 m. A
100 to 150-m-thick layer is observed at higher
correlation

altitudes, where the coefficient is

practically constant.
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Fig. 7. The same as in Fig. 5 for daytime and nighttime conditions. The right-hand part of the figure shows the generalized data of

the entire array of measurement data.

The subsequent altitude range 800—1200 m, at the
upper boundary of which R(oyg, 613) =0.5, is
characterized by good correlation of o(H). The
adherent layer of 200 to 300 m thickness is observed
above this boundary, where the correlation coefficient
weakly changes with the altitude increase.

No peculiarities are observed in the nighttime
conditions. Good correlation occurs at all altitudes. The
first altitude where the dependences cross the level
R(oy, o) =0.5is ~ 1200 m.

On the whole, as is seen from Fig. 7, the behavior
of the generalized correlation matrix is

primarily determined by the character of the
dependences characteristic of daytime.

Let us consider now the peculiarities in the
parameters of expansion of the vertical profiles c(H)
represented in the form of three first eigenvectors in the
lower panels of Figs. 5 to 7. The fact that these vectors
are obtained in different seasons, synoptic and
meteorological situations, allows us to assess their
statistical stability. First of all, the similarity of the
first eigenvectors F; and two next ones is an evidence
of this fact. The quantitative estimates of the
accumulated variance of the vector in percent of the
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matrix spur are shown in all figures next to the data
array name (month, day, mass), for convenience.

As all vectors have similar character, let us
analyze the parameters of the series expansion of the
generalized correlation matrix (see Fig. 7).

The relative value of the accumulated variance for
three vectors reaches 88% for all situations that took
place during the experiments, that is an evidence of
good convergence of the expansion of random profiles
o(H) over natural orthogonal functions. The same
applies to the daytime observations, while at nighttime
the total variance of the expansion already reaches 93%.

As is seen from Fig. 7, the profiles of the
fundamental harmonic weakly change as the altitude
increases above the near-ground layer up to the mixing
layer height. Let us note that the first eigenvectors Fy
describe the most characteristic variations of the aerosol
scattering coefficient from the mean profile, following
the altitude behavior of the corresponding rms errors.
In principle, it allows one to apply the method of
optimal parameterization to our problems. The main
variations of the vector F; components are observed in
the near-ground layer and at the upper boundary of the
mixing layer.

The next eigenvectors take into account more fine
structure of the variations of o(H) and also are
characterized by significant stability, only weakly
changing under different conditions of the experiment.

The main peculiarity of the second eigenvector is
the presence of two diffuse maxima of its components
of the opposite signs, in the near-ground layer and at
the level of 1200 m, and a single transition through
zero at a height near 600 m.

The third eigenvector is characterized by two
transitions across zero line, the upper of which is at the
boundary of the principal mixing layer, and by a single
extremum at the boundary of the internal mixing layer.
The interesting peculiarity is observed here: the
extreme value of F3 corresponds to the transition of Fy
through zero. The same peculiarity is observed in the
behavior of the vectors of the correlation matrix of
humidity,!6 that is one evidence more of the close
relation of the aerosol scattering coefficient with the
humidity field.

It follows from analysis of all data shown in
Figs. 5 to 7 that the smallest variance value for Fy,
equal to 53%, occurs at sounding during daytime.
Obviously, in this case one can not restrict oneself to a
single-parameter model, and it is needed to attract the
harmonics of higher orders and to find the correlation
between the expansion coefficients and optical and
microphysical parameters of the atmosphere, for
example, as it is proposed in Ref. 14.

It is worth noting here that the obtained
eigenvectors F}, for the aerosol scattering coefficient are
in a qualitative agreement with that for the profiles of
lidar ratio!” and the backscattering coefficient!8 in the
lower troposphere.
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Thus, considering all the material as a whole, one
can propose a scheme of a four-layer vertical
distribution of the vertical profile of the aerosol
scattering coefficient in the lower troposphere. It is
shown in Fig. 8 and includes the node heights, on
which the three-layer model of o(H) is based,4 12,19
while adding the height Hyyp — the internal mixing
layer boundary.

AH, km
1.5}
Honir=", Adherent layer
1200— N\ AH = 200—400 m
1400 m
Principal mixing
layer
1+

| Hypp,=550—650 m)

0.5F ..
Internal mixing
layer
Hs=100—150 m
0 Near-ground layer \\.,\
o (H), km-1

Fig. 8. Schematic representation of the vertical profile of the
aerosol scattering coefficient.

The node heights Hg, Hyvp, and Hpyp were
determined based on variations of both mean profiles
o(H) and their statistical characteristics. There are
many papers devoted to the aerosol behavior in the
selected height regions (see, for example, the references
in this paper). Nevertheless, when considering the
proposed scheme, we would like to mention one
moment related to the definition of the mixing layer.
There is a special paper!? in the literature devoted to
this question, where the review is presented of some
available approaches to determining Hpy, which show
the ambiguity of this term. The authors of Ref. 10
suggest, on the basis of airborne measurements of the
aerosol number density, to determine Hpyyp by the
break of correlation. At the same time, as was correctly
noted in Ref. 14, the aerosol processes are inertial and
the height Hpyp calculated from the aerosol data differ
from that determined by the turbulent exchange
intensity.

Moreover, assuming a correct statement of the
problem, one should take into account the peculiarity
of aerosol measurements and the processes aerosol may
take part in. The authors of Ref. 5 obtained the
estimate Hpyp ~ 3 km from analysis of the scattering
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coefficients of dry aerosol matter. The principal reason
of the difference from our data is in taking into account
the effect of relative humidity. If to reduce the profiles
of the dry matter to the real value of humidity, as was
done in Ref. 5, the rate of decrease of the correlation
coefficient is significantly greater. This leads to a
decrease in the determined Hppyyp. The instrumental
realization of the experiment plays an important role
either, because the lidar and the nephelometer> have
different sensitivity to variations in concentration and
the size spectrum of aerosol particles.

Finally, each of atmospheric parameters has its
own “height of correlation,” although the processes of
formation of its vertical structure have common nature.
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