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We consider a technique of reconstructing the ozone profiles from lidar data
that allows for aerosol and temperature stratifications in the stratosphere. The
technique is incorporated into a new version of the SOUND software package. The
modeling results presented clearly show the necessity of taking into account the

aerosol and temperature stratifications.

We also present here some results of the

package application to reconstructing real ozone profiles. It is shown that the
application of the developed technique makes it possible to reduce the errors in
reconstructing the ozone profile to 20-30% owing to the use of the data on the

aerosol and temperature stratifications.

The differential absorption lidars! are widely used
for sensing of atmospheric ozone. Both the lidar
instrumentation and measuring methods are being
permanently developed and improved. This fact makes
it possible to increase the sensing range, spatial
resolution and measurement accuracy. The techniques
for data processing also are being developed. Let us
note that the tendency to increase the measurement
accuracy makes one to include into the processing
procedure not only new mathematical algorithms but
also to take into account some physical peculiarities
characteristic of the problem. In this paper we consider
the problem of reconstruction of the spatial distribution
(the profile) of stratospheric ozone taking into account
the stratifications of different interfering factors, among
which we place special value on aerosol and
temperature.

The lidar complexes for studying the ozone in the
stratosphere become the main instrument in the
international network for observing stratospheric
changes.?2 As a rule, Xe—Cl excimer lasers emitting at
308 nm wavelength  within the Huggins ozone
absorption band34 are used in such lidars. Due to
significant width of the band (210-340 nm), the second
reference wavelength should be distant from the basic
one to more than 20—30 nm to the side of its increase,
in order to obtain a sufficient value of the differential
absorption coefficient. This specific feature of operation
with a wide absorption band and significant difference
between the wavelengths causes the following
peculiarities which significantly differ from operation
with an isolated absorption line (or a narrow
absorption band): a) there are no special requirements
to the spectral characteristics of laser radiation, because
within the limits of the Xe—Cl laser spectrum width
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(< 1 nm)3576 the absorption band spectrum remains
practically constant; b) a difference in aerosol
scattering, which should be corrected for, appears due
to a significant difference between the wavelengths.

Let us also note that it is necessary to correct the
ozone absorption coefficient values when calculating
the ozone profile, due to the temperature dependence of
the absorption by ozone.” We suggest to use for this
purpose the temperature and aerosol stratifications
reconstructed at the reference wavelength. It is also
necessary to take into account the interference of
absorption of other gases which introduce uncertainty
into the reconstructed ozone profiles. Let us consider in
details the questions related to estimation and
correction for the effect of aerosol scattering and
temperature dependence of the absorption spectrum and
absorption of the interfering gases on the accuracy of
reconstruction of the ozone concentration profiles.

CORRECTION FOR THE AEROSOL SCATTERING

When sensing the tropospheric ozone, where the
lidar signals due to aerosol scattering prevail over the
molecular scattering signals, the problem of correct
determination of the aerosol scattering coefficient is
especially urgent. As a rule, the Klett method or its
modifications8~!! are used for these purposes. This
method makes it possible to reconstruct the ozone
concentration profiles in the troposphere by the
differential absorption technique. However, such an
approach has some disadvantages related to the choice
of the initial parameters, that finally results in a
noticeable error in reconstructing the aerosol scattering
coefficients from real signals. The situation can become
more difficult because the parameters may vary along

1997 Institute of Atmospheric Optics



692 Atmos. Oceanic Opt. /September 1997 / Vol. 10, No. 9

the sensing path and significantly differ from the
average values over the path as a whole. When sensing
ozone in the stratosphere, there is a possibility to avoid
the disadvantages related to the use of the Klett
method.

Let us consider the expression for determining the
ozone concentration, writing it in the integral form (in
terms of optical thicknesses):
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where 1o, is the ozone optical thickness,
At(h) = TM(h) - TLZ(h) is the difference between the

optical thicknesses caused by the aerosol and molecular
scattering, as well as by the absorption by other gases.
If one does not take into account four last terms in
Eq. (1), this results in the errors in determining the
ozone concentration profile, because these values make
a sufficient contribution into the ozone optical
thickness. Correction for the molecular scattering Aty
is calculated quite exactly by using the atmospheric
models (see, for example, Ref. 12). Correction for the
aerosol extinction Art, in the stratosphere at the
background aerosol concentrations is not significant,
because in these spectral and altitude ranges molecular
scattering prevails over the aerosol one. The aerosol
content in the stratosphere can increase by one order of
magnitude or more after the volcanic eruptions, that
makes the aerosol and molecular thicknesses comparable
in value. For example, after Mt. Pinatubo eruption
(1991) the maximum aerosol content in the stratosphere
over Tomsk was observed in January and February
1992.12 The measured values of the background and
peak values of the integral backscattering coefficient
30 km

B, = fﬁn(h) dh at the wavelength of 532 nm were

15 km
1-107% and 31073 sr1, respectively. Recalculating to
the wavelengths Ay = 308 and 353 nm using the data
from the mean cyclic model of the aerosol
atmosphere,!3 we obtained the aerosol thicknesses for
the background conditions 1,(Ay) = 0.0065;
T,(A») =0.006 and for the volcanic emissions
T,(A) = 0.022; 1,(Ay) =0.02. The difference between
the aerosol optical thicknesses in the first case was
0.0005, and in the second case 0.002. The ozone optical
thickness in the same altitude range was ~ 0.4. It is
seen that the contribution of the aerosol correction does
not exceed 1% of the ozone optical thickness. The weak
effect of the aerosol thickness can be explained by its
weak spectral dependence in the wavelength range 300—
350 nm.

To calculate the contribution coming from the
elastic backscatter let us write the expression for the
ratio of the backscattering coefficients in the form
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where R is the scattering ratio at the wavelength of
353nm; W=B‘;1/B§12=(x2/x1)4=1.725; u=Bi1/Bi2=

= (ky/%)" with the spectral dependence parameter n
that, according to data of different authors, varies in
the range =2 <n < 2.

The scattering ratio profiles, R(%), in Eq. (2) are
determined from the experimental data at the
wavelength of 353 nm, parameter y is fixed, and the
range of variation of p is from p(iy)=0.76 to
pu(ry)=1.31 depending on the value of the parameter 7.

At R=6 the value ln(Bi1/BiZ)(p1)=—0.082 and
lﬂ(Bi /BiZ)(u2)=0.324 that is comparable with the
1

ozone optical thickness.

Before modeling the effect of the aerosol scattering
on the accuracy of reconstruction of the ozone profile,
let us pay attention to Eq. (1). We suggest to take into
account the aerosol scattering in the form of integral
values. In comparison with introducing the corrections
through the extinction value,!5716 the latter results in a
more stable solution when reconstructing the ozone
profiles.

CORRECTION FOR THE ABSORPTION
TEMPERATURE DEPENDENCE

Temperature dependence of the ozone absorption
coefficient in the Hartley and Huggins bands was
revealed for the first time by E. Vigroux.!4 Investigations
of the ozone absorption spectra, including refining the
quantitative data with a simultaneous expansion of the
wavelength and temperature ranges were continued in
Refs. 17-23. Among the last investigations one should
note Ref. 19, where measurements of the absolute values
of the ozone absorption coefficients were carried out in
the wavelength range 185-350 nm at temperatures
225-298 K. In spite of some difference in the quantitative
results, one can note the intensification of the
temperature dependence of the ozone absorption
coefficient as the wavelength increases (from 300 to
350 nm). Then, according to Ref. 19, the ozone
absorption coefficient at A = 350 nm increases by 4 times
in this temperature range, while that at A =308 nm
increases only by 15%. Nevertheless, because of a small
value of the absorption coefficient at . = 353 nm (< 0.3%
of the absorption coefficient at A =308 nm), the
contribution into the differential absorption coefficient is
negligible.

Figure 1 shows the data on the temperature
dependence of the ozone absorption coefficient
(according to the above cited papers) which are
approximated by the square function of the form

K(T) = A+ BT + CT? [em " - atm™ ], (3)
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where A =1.32e+0; B=345%—-3; C=212e -5 ;
and T is temperature in °C.
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FIG. 1. Temperature dependence of the ozone

absorption coefficient according to the literature
cited in the paper.

It should be noted that the approximation results
we obtained differ from the formulas obtained
earlier.24.25 The difference can be explained by the fact
that we used newer and more correct data on the
temperature dependence of the ozone absorption
coefficient.

CORRECTION FOR THE ABSORPTION BY
OTHER GASES

The absorption spectra of other gaseous
components of the atmosphere are superposed on the
UV absorption spectrum of the ozone molecules. First
of all, in the wavelength range near 300-350 nm they
are3,15,16,26 SO, and NO,.

The greatest values of the SO, absorption
coefficient314,27 are in the range near A = 300 nm. The
absorption spectra have the band structure with the
spectral width of separate maxima (minima) of about
1 nm. The radiation at A = 308 nm occurs in one of the
absorption Kso, = 4.87 cm™! -atm™!,  and
Kso2 =0 at A =353 nm. The contribution of SO, into

the absorption can be revealed only in the troposphere,
over strongly polluted areas, where the absorption at
the ground level can reach the value?8 of 0.1 km™!.
When sensing in the altitude range 10—-30 km the SO,
concentration is more than two orders of magnitude less
than that of Og at approximately the same absorption
coefficients,623 so even in the worst situation the
neglect of the SO, absorption will not exceed 1% of the
determined ozone concentration.

The NO, gaseous component has the absorption
coefficient?9 of 4.6 cm~!atm~! at the wavelength of
2=308nm and 11.2cm™!atm™! at X =353 nm.
According to Ref. 30, the absorption over polluted
areas can reach 0.15 km~!. The maximum of NO,
distribution in the stratosphere is at the altitudes of
25—30 km, and its content here is approximately two
orders of magnitude less than the ozone content in its
maximum.3,31 This results in the differential
absorption which is one order of magnitude less than
the differential absorption by ozone even in the worst
situation.

minima
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As to the effect of other small gaseous components
such as mNOj3, m,0O,, N,O, N,Oj etc., according to the
estimates3:6 it is insignificant even in comparison with
the total absorption by SO, and NO,. Let us finally
note that it is unlikely that the errors in determining
the ozone profile related to neglecting the interfering
gases can reach 2%, and in the case of taking them into
account even from the model data can be reduced to a
minimum.

THE RESULTS OF MODELING AND DATA
PROCESSING

The account for aerosol and temperature
stratification can be performed in several stages. At the
first stage modeling and analysis of the stratifications
of T and P were performed (separate, joint and their
counter action). At the second stage the SOUND
package?8.29 was updated, and at the third stage the
package was directly used for processing real data of
laser sensing.

The advantage of the approach we propose is in
the possibility of calculating the temperature and
aerosol stratifications from the same data with their
subsequent account when reconstructing the ozone
profile. This makes it possible to obtain more adequate
data on the spatiotemporal ozone distribution.

Figure 2, where the results of numerical modeling of
the account for the aerosol and temperature stratification
at reconstruction of the ozone profiles are presented,
confirms the aforesaid ideas. The modeled variations of
the profiles of the scattering ratio and temperature
relative to their mean values (5 and 10% of the maximum
value) are shown in Fig. 2a. Figures 2B-¢ show the effect
of neglecting the aerosol and temperature stratifications
when reconstructing the ozone profile by Eq. (2). Tt is
well seen that the neglect of the aerosol and temperature
stratification results in a distortion of the reconstructed
profile. One can see in Figs. 2d and e the intensification
and compensation of the simultaneous effect of aerosol
and temperature stratification on the reconstructed ozone
profile. If the aerosol content in the atmosphere
(formation of an aerosol layer) and temperature have
increased, the neglect of these factors can result in an
increase of the effect on the reconstruction of the ozone
profile. And, vice versa, if the aerosol layer has appeared
and temperature has decreased, there occurs compensation
of the effect of neglecting these factors.

The aforementioned possibilities of taking into
account the aerosol and temperature stratification are
provided in a new version of the SOUND package. The
block—diagram of the package is shown in Fig. 3. The
new important addition is the possibility of calculating
and taking into account the aerosol (by the scattering
ratio) and temperature stratification. The techniques for
reconstructing these parameters from the lidar return
can be found in Refs. 31 and 32. Let us briefly describe
the SOUND package operation.

1. The file with lidar return signals is selected and
read.
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2. The ozone profile is calculated automatically by
adjusting coefficients (choice of the altitude, compression
coefficient, etc.) which the user has set before.

3. Tt is suggested for the user to write the results
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with the selected signal (to change the adjusting
coefficients, i.e. to change the altitudes, temperature
models and scattering ratios, or to take the
experimentally obtained ones, etc.), to start working

of calculation (signals, optical thickness and ozone
profile) into the output file, to continue the work

150 200 250 T, K
40 T T T

with another signal (transition to the stage 1) or to
finish the work.

11140

il Pl 7 /A '
2 4 6 8 2 4 6 8 24638

P00 15
R Ozone concentration, n-1012 cmr3

FIG. 2. Results of the numerical modeling of the account for aerosol and temperature stratification when

reconstructing the ozone profiles; a) modeled variations of the scattering ratio and temperature profiles

relative to the mean values (5 and 10% of the maximum value); b—e) effect of neglecting the aerosol and

temperature stratification when reconstructing the ozone profile by Eq. (2).
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FIG. 3. Block—diagram of the SOUND software package.
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FIG. 4. Graphical data depicted by the package:
lidar signals, temperature, optical thickness,
scattering ratio and ozone profile (1) in comparison
with the Kruger real profile (2).

The results of applying this package are shown in
Fig. 4, where the data depicted by the package are
presented (lidar signals, temperature, optical thickness,
scattering ratio, and ozone profile). Figure 5 shows the
effect of taking into account the aerosol and
temperature stratification on the ozone profile
reconstructed from the lidar data, and the profiles of
temperature and the scattering ratios themselves. It is
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seen that the difference between the ozone profile
reconstructed taking into account the scattering ratio
(curve 4), temperature (curve 3), scattering ratio and
temperature (curve 5) and without the account for
these parameters varies with the altitude and is the
most sharp in the region of the ozone profile maximum
(up to 30%) and at the altitude of 15 km (up to 40%).

R
1.0 1.1 1.2 1.3 1.4 1.5

0 1 2 3 4 5 6 7
Ozone concentration , »- 10%ent

B

3

FIG. 5. The effect of taking into account the aerosol
(1) and temperature (2) stratification on the ozone
profile reconstructed from lidar data, in comparison
with the Kruger model profile (3) and the profile
obtained with both the account for stratification (4)
and without the account for stratification (5) (b);
modeling temperature (1), measurement temperature
(17) and modeling scattering ratio (2), measurement
scattering ratio (27) (a).
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