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A new method is considered that can be used for inverting data obtained from a combined elastic-inelastic
lidar or a high spectral resolution lidar operating in a one-directional mode, or an elastic lidar operating in
a multiangle mode. The particulate extinction coefficient is retrieved from the simultancously measured
profiles of the particulate backscatter coefficient and the particulate optical depth. The stepwise profile of
the column-integrated lidar ratio is found that provides best matching of the initial (inverted) profile of the
optical depth to that obtained by the inversion of the backscatter-coefficient profile. The retrieval of the
extinction coefficient is made without using numerical differentiation. The method reduces the level of
random noise in the retrieved extinction coefficient to the level of noise in the inverted backscatter coeffi-
cient. Examples of simulated and experimental data are presented. © 2007 Optical Society of America

OCIS codes: 280.0280, 280.3640.

1. Introduction

The conventional elastic lidar equation includes the
backscatter coefficient in the scattering volume and
the two-way attenuation along the path from the li-
dar to the scattering volume. The elastically scat-
tered signal contains insufficient information to
separate the attenuation and the backscatter compo-
nent. This is generally achieved by using an assump-
tion regarding the profile of the lidar ratio, that is, the
ratio of the extinction and backscatter coefficients.
The simplest and frequently used method is to as-
sume a range independent lidar ratio over the mea-
surement range. Unfortunately, such an a priori
assumption can yield a highly inaccurate measure-
ment result.

High spectral resolution lidar, combined elastic—
inelastic lidar, or the elastic lidar that operates in a
multiangle mode allow separating the profiles of the
backscatter component and the two-way attenuation.
From the latter, the extinction coefficient, which is
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usually the key parameter of interest, can then be
retrieved. Unfortunately, the problem of determining
the extinction-coefficient profile from the two-way at-
tenuation (or the related optical depth profile) is not
satisfactorily solved in such a way. The straightfor-
ward extraction of the extinction coefficient from the
optical depth profile requires the use of numerical
differentiation. Because the real signals are generally
corrupted by random and systematic noise, this pro-
cedure can yield unacceptably poor measurement
accuracy, especially when the lidar signals are mea-
sured in a clear atmosphere.

The principal drawback of such a retrieval tech-
nique is that only the optical depth profile is used
for extracting the extinction coefficient. The valu-
able information concerning particulate loading
contained in the backscatter term is generally not
used to put constraints on the extracted extinction
coefficient. In the study by Kovalev [1], a technique
for the extraction of the extinction coefficient was
proposed where both the optical depth and the
backscatter coefficient profiles were used in the in-
version procedure. However, this technique still re-
quires utilizing numerical differentiation. More
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recently, a regularized algorithm for Raman lidar
processing was proposed where the inversion was
made without numerical differentiation, using ex-
plicit relationships between the backscatter and the
optical depth, and an a priori smoothness con-
straint [2].

In this study, an alternative technique is intro-
duced that also allows extracting the particulate
extinction coefficient without using numerical differ-
entiation. The extinction coefficient is extracted from
the particulate backscatter coefficient profile while
using an estimate of uncertainty boundaries of the
optical depth profile as a constraint. The extinction
coefficient is extracted by assuming a stepwise profile
of the particulate column-integrated lidar ratio. The
optical depth profile and its uncertainty boundaries
are only used to determine the best value for the
stepwise lidar ratio over extended zones along the
searching direction. In other words, the stepwise li-
dar ratios for different zones are found that provide
the best agreement between the initial (inverted) pro-
file of the optical depth and that obtained by the
inversion of the backscatter-coefficient profile. Deter-
mining the lidar ratio prior to determining the ex-
tinction coefficient allows one to decrease the level of
noise in the profile of the latter.

Before the inversion is made, one should separate
the altitude profiles of the particulate optical depth
and the particulate backscatter coefficient from the
molecular components. This requires knowledge of
the vertical molecular profile and the lidar solution
constant. The latter can be determined, for example,
by using the assumption of an aerosol-free atmo-
sphere over high altitudes.

2. Method

A. Principle of Using the Stepwise Column-Integrated
Lidar Ratio for Determining the Extinction Coefficient from
the Profile of the Backscatter Coefficient

Let us consider the general principle of the retrieval
of the particulate extinction coefficient, k,(2), when
the profiles of the particulate backscatter coefficient,
B,(h), and the particulate optical depth, 7,(%;, h), over
some altitude range from the starting point, #;, to A
are available. The basic relationship between «,(h),
B,(h), and the lidar ratio, S,(h), is

<o(B) = Sy() B, (R). &y

Accordingly, the dependence of 7,(%;, k) on k(%) can
be written in the form:

h h

(R, h)=f kp(h")dA' =J S,(h")By(R")dA'. @
hj hy

Equation (2) can be expressed as [3,4],
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h
=8S,j(hy; h) J’ Bp(R")dA’, 3)

hj

To(hy, h)
where S, ;(h;, h) is the column-integrated lidar ratio
over the altitude range from 4; to 4 and is defined as

h
fSp(h’)Bp(h’)dh’
Spilhy, By ="

7 4)
J By(h")dR!

hy

If S,(h) = const., S, (h;, h) = S,(h). Note also that
thie column-integrated lidar ratio over any height in-
terval Ah is equal to the mean value of S, (%) over this
interval if either B,(h) = const., or S,(h) = const. In
other words, only simultaneous sharp changes in
both functions, S,(k) and 8,(%), will cause a signifi-
cant difference between the mean and column-
integrated lidar ratios. As with any mean value, the
column-integrated lidar ratio is generally a relatively
smooth function that varies significantly less than
the initial, not integrated, function S,(k). If the
column-integrated lidar ratio has no sharp change
over the height interval from A; to &, one can apply
the assumption, S, (A, h) = S,; = const. within this
interval. Accordingly, the actual optical depth profile
7,(h;, h) in Eq. (3) can be approximated by the func-
tion {7,(h;, b)), which is defined as

h
(ol 7)) =S, f By(h")dA'. ®)

h;

As follows from Egs. (3) and (5), the difference between

the two optical depths, (1,(%;, h)) and 7,(h;, ), is

h

h
Av,j(h) =Sp,ij By(h")dh' =8, (R, h)] By(h")dh'.
h; h;

6

The basic principle of the below method is similar
to that proposed in the studies [2,5]. One should find
the best value for the lidar ratio that minimizes the
difference between the initial (inverted) optical depth
(or the mean extinction coefficient) and that obtained
after the inversion. However, the extinction coeffi-
cient is now extracted from the backscatter compo-
nent of the signal. Such a specific facilitates the
retrieval of the extinction coefficient both in mul-
tiangle and one-directional methods, which allow
separating the profiles of the backscatter component
and the two-way attenuation.

In our method, the constant column-integrated ra-
tio, S, ;, should be found that minimizes the difference
At,;(h) between the profiles T,(h;, &) and (t,(k;, h))




[Egs. (3) and (5)] over some extended altitude range
from h; to A, = h; + AR, e, To perform the inver-
sion, the maximal acceptable difference, A7, . (R),
between these two optical depth profiles should be
initially established. The ratio S,; must be selected
that makes the inequality

| ATy (R | = ATy max(h) ("N

valid for any point within the above interval, Ah; ;.
The corresponding extinction coefficient over the
above altitude interval can be obtained from the
backscatter coefficient by using a simple formula,

kp(h) =8,,B,(h). 8

To utilize such a technique, one should divide the
total height interval over which B,(%) and the optical
depth from ground level, 7,(0, 2), are known, into
separate height intervals (i.e., from A; to A;,;, then
from h;.q to hj.e, and so on). Within each of these
intervals, the actual column-integrated lidar ratios,
S, ks B), Spjr1(Rjie, B), . . ., are replaced by constant
values, S,;, S, 11, and so on. The length of the inter-
vals is a user-defined parameter; it can be either
constant or variable within the total altitude range.
The measurement accuracy will depend on the ap-
propriate selection of such intervals; this is a critical
aspect of the technique above, Different criteria can
be used for the selection of the intervals; the two
simplest methods are discussed in [6]. In our study,
the interval selection is based on obtaining the max-
imal possible length for each consecutive stepwise
interval of the lidar ratio.

B. Uncertainty Boundaries for the Inverted Particulate
Optical Depth

Optical depth profiles are generally corrupted by
noise and systematic distortions. This takes place
usually over far ranges, but in some cases, near-end
distortions of the optical depth may also be signif-
icant. Therefore, before extracting the extinction
coefficient from the functions B,(%) and 7,(0, &), one
should establish the minimal and maximal heights,
Apn and hAp,,, such that neither near nor far-end
distortions significantly impact the retrieved ex-
tinction coefficient. The principles and criteria for
the selection of the optimal values for A, and A,
are discussed by Kovalev et al. [7]. After such a
height interval is established, some mean optical
depth and its uncertainty boundaries must be de-
termined. The selection of the uncertainty bound-
aries of the optical depth, 7,(0, ), is the principal
issue. Generally, it is assumed that standard sta-
tistics provide a proper estimation of the uncer-
tainty of the retrieved aerosol extinction even when
using numerical differentiation techniques [2,8—
11]. Unfortunately, in many cases, especially in
multiangle measurements, systematic errors of an
unknown sign and magnitude can have a prevailing
influence. These errors do not obey common distri-

butions such as Gaussian or Poisson, and there is no
commonly accepted technique for addressing the
situation. This quite general issue still requires a
thorough investigation, which is beyond the scope of
this study. To introduce the principles of our new
retrieval technique, the simplest empirical estimate
of the optical depth uncertainty is used. It is based
on calculating maximal and minimal profiles of the
original optical depth, 7,(0, ), and determining a
smoothed, so-called base optical-depth profile,
7,5(0, h), as described by Kovalev [1] and Kovalev
et al. [6]. Note that in our method, this optical depth
is not used to extract the extinction coefficient by its
numerical differentiation; it is only used as a refer-
ence function, which is compared with the optical
depth calculated with Eq. (5). The upper and lower
uncertainty boundaries of the optical depth used as
constraints are defined as 7,,,(0,h) = 7,0, h)
+ ATp,max(h) and Tp,law(09 h) = Tp,b(09 h) - ATp,max(h),
where

AT, max(h) = max[AT,(Amin); AT, (Amin + Ahy);
ATp(hmin + ZAhd); ey ATp(h)]. (9)

Here Ah, is the sampling resolution of the data points
for the inverted profile of the optical depth, and A7,(h)
is the uncertainty boundary found when shaping the
optical depth profile [1,7].

For illustration, an example of the synthetic noise-
corrupted optical depth and its uncertainty bound-
aries are shown in Fig. 1. Here the primary optical
depth, 7,(0, k) versus height is shown as the thick
solid curve, and the corresponding profile of the base
profile, 7, ,(0, ), is shown by the open diamonds. The
profiles of T,,,(0, ) and T,,,(0, ) are shown as the
dashed curves. Note that extreme points of 7,(0, /)
may be beyond these two marginal profiles.

0.21

Tp(0:h)

0.09 T
1000 1500
height (m)
Fig. 1. Synthetic noise-corrupted optical depth, 7,(0, h) (thick
solid curve), the base function, 7,,(0, &) (the open diamonds), and

the upper and lower uncertainty boundaries, 7,,,(0,%) and
Totow(0, ) (the dashed curves) versus height.
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Fig. 2. Simplified flow chart for extracting (k).

C. Determination of the Extinction Coefficient Profile

As mentioned, different methods can be used for the
selection of the length of the consecutive intervals
Ah;, Ahj4, ..., Ah, over which the actual column-
integrated lidar ratios are replaced by the constants,
Sy Sp FIETR S, In this study, the constants that
maximize the length of the respective intervals are
found.

In Fig. 2, the simplified flow chart for extracting
K,(h) over the range interval from £; to A, is shown.
The value of S,; is found that yields the maxima
interval Ah; = h;,; — h;. To trigger the retrieval pro-
cedure, an 1mt1al constant value for S,; is arbitrarily
chosen for example, equal to the molecular lidar ra-
tio. Using the selected S,; and the profile of B,(A), the
corresponding profile of (1,(h;, h)) over the whole
height interval h; — A, is found with Eq. (5). The
corresponding profile for (1,(0, &)) from ground level
is then found as

(1,(0, h)) =m1,,(0,

= Tp’b(o, hj) + |:

hy) +{to(hy, h))
R
| Bp<h'>dh'], (10

hj

where 1,,(0, &) is the base optical depth at the point
h;. This calculated function, (7,(0, #)) is then com-
pared to the base profile, T, b(O h) over each height,

h > h;. The goal is to determine how well the profiles,

(7,(0, h)) and T,,(0, h), match each other and at what
heights they start to diverge. The interval Ah; and the
corresponding height is determined where the profile
(1,(0, h)) goes outside the estimated uncertainty
boundaries, that is, where it intersects either
Tpup(05 A), o1 T, 10, (0, h) The value of S, is varied until
the maximal d1stance Ahj maxs 18 achieved, where the
function (t,(0, 2)) remains within the zone restricted
by the marginal functions, T,,,(0, 2), or 7,;,(0, A).
Then the extinction coefficient is calculated with
Eq. (8).

The procedure of determining the interval within
which the profiles, {1,(0, #)) and 7, (0, h), match each
other is clarified with Fig. 3. Here the open diamonds
and dashed curves are the proﬁles Tp5(0, h), T5,0(0, B),
and 7, ,,(0, ), the same as those in Fig. 1. The initial
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Fig. 3. Base profile, 1,,(0, 2) (the open diamonds) and the corre-
sponding profiles 7,,,(0, 2) and ,,,(0, ) (dashed curves), the
same curves as those in Fig. 1. The solid triangles show the profile
of (7,(0, h)) calculated with S,; = 8.38 sr, and the solid dots show
the profile derived with S,; ~ 31 sr.

profile of (7,(0, h)) calculated with Eq. (5) using the
molecular lidar ratio, S,; = 8.38 sr, is shown with the
solid triangles. One can see that when such a small
value for S,; is selected, the profiles (r,(0, 2)) and
7,5(0, h) match each other badly and d1verge at a
short distance. The intersection point of ('rp(O, h))
with T,5,(0, &), the point (a) at h =~ 1215 m, is qmte
close to the starting point, 4; = 1100 m. That is,
within the uncertainty boundarles the proﬁles
{(1,(0, h)) and T,,(0, h) match each other within the
very short height interval, Ah; =~ 115 m.

The selection of the larger S »; shifts the intersec-
tion point further from starting point, A; and
matches (1,(0, 2)) and T,,(0, 2) over larger distances.
By incrementally increasing S,;, one should find a
value that results in the maximal possible interval,
Ah; = ARy pqy, over which the calculated optical depth
(1,(0, h)) remains within the area restricted by the
uncertamty boundaries, T,;,(0, 2) and 7,,,(0, 2). In
our case, optimum matching occurs when selecting
Sy = 31 sr; the corresponding profile of (1,(0, A)) is
shown in the figure as solid dots. The intersection point
of (1,(0, h)) with ,,,(0, 2) has shifted to the maximal
height, A, ., = 2100 m [point (b)]. Further increasing
of S, ; will sharply decrease (rather than increase) Ah;
and degrade the proﬁle match. A slight increase, S,;
> 31 sr, will result in reducing the height Where
(1,(0, b)) intersects the uncertainty boundary, this
time 7,,(0, &), to ~1500 m.

Thus, for the established uncertainty boundaries,
Tow(0, £) and 7,,(0, A), the selection of the constant
column-integrated lidar ratio, S,; = 31 sr results in a
maximal height interval from A; = 1100 m to hjpey
=~ 2100 m, that is, Ah;,,, = 1000 m. The correspond-
ing profile of the extinction coefficient over this inter-
val can be extracted from the backscatter extinction
coefficient using Eq. (8). This procedure is performed
on each consecutive altitude range until the entire




profile of {7,(0, 2)) and the corresponding extinction
coefficient are found up to the maximal height, A ..

Best inversion results are obtained when the start-
ing point for the next altitude span, A;,, is chosen
such that 4;.1 < ;. It is better to reduce the initial
maximal height, A;,, = 2100 m down to the last
intersection of the profile, (1,(0, h)), with the base
function, 7,,(0, 2). In other words, the starting point
for the next interval, Ah;,;, should be selected at
hjy1 = 2000 m rather than at 2100 m, that is, at point
(c) rather than at point (b).

When determining the column-integrated lidar ra-
tio, S, 4, for the uppermost zone, the procedure we
described does not provide a unique value of S,;.
Here we minimize the difference between (7,(0, ))
and 7,4(0, ) by selecting S,; to minimize the func-
tion,

Amax

E(Pny Pmax) = hEk [{12(0, A)) —Tpp(0, B)]?. (11)
Thus for the last interval, the column-integrated
lidar ratio, S, and the corresponding extinction co-
efficient are found by determining the profile of
(7,(0, h)), which is the closest to 7,;(0, ) in a statis-
tical sense. The uncertainties in the primary optical
depth, 7,(0, 4), are involved here indirectly, through
the shape of the base function, 7,,(0, 2). In principle,
one can also adjust all previously derived profiles
(7,5, hj1D), (T,(ys1, By19)), and so on by minimizing
&R, hjr1), €1, Bjag), . . . for the established inter-
vals, the same as is done when divisions between
ranges are uniformly distributed [6]. However, this
generally does not significantly change the inversion
result when maximal range intervals are chosen.

3. Discussion

The technique described in Section 2 is illustrated
with simulated data shown in Figs. 4—7. For the sim-
ulations, a synthetic atmosphere is assumed where
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Fig. 4. Thin solid curve is the model profile of the extinction
coefficient used for the simulations. The profile of k,(A) retrieved
with the new method is shown as the thick solid curve; the dotted
curve shows the extinction coefficient profile calculated using the
conventional numerical differentiation with a vertical range reso-
lution of 500 m.
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Fig. 5. Model lidar ratio, S,(h), used for the simulation (the thin
solid curve) and the retrieved stepwise column-integrated profile,
S,,; (the thick solid lines). The lidar ratio, S,(h), extracted using the

extinction coefficient retrieved with the numerical differentiation
is shown as the dotted curve.

the particulate extinction coefficient at the wave-
length of 532 nm linearly decreases with height, from
k,(h) = 0.lkm™ at ground level down to k,(h)
= 0.05 km™! at 2 = 5000 m. Additionally, a turbid
layer exists with k,(h) = 0.25 km™ over the heights
from 2000 to 3000 m. This model profile of x,(A) is
shown in Fig. 4 as the thin solid curve. It is also
assumed that the lidar ratio, S,(%), linearly varies
with height in the range between 20 and 30 sr in the
clear air zones and from 50 to 67 sr within the turbid
layer; this model profile is shown in Fig. 5 as the thin
solid curve.

Now let us suppose that an artificial high spectral
resolution lidar is working in such an atmosphere
at the wavelength 532 nm. The noise-corrupted pro-
files of the backscatter coefficient, B,(2), and re-
trieved optical depth, 7,(0, &), obtained from the data
of this artificial lidar over the heights from A,
= 500 to Ap.; = 5000 m are shown as the dotted
curves in Figs. 6 and 7, respectively; the estimated
uncertainty boundaries, 7,,,(0, ) and 7,,,(0, h) are
shown in Fig. 7 as the dashed curves. The retrieval
procedure described in Subsection 2.C splits the
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Fig. 6. Backscatter coefficient, Bp(h), profile in the simulated
atmosphere.
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triangles, and solid squares show the sections of the profile
{,(0, h)) for the heightintervals, 500-1935, 1935-3090, and 3090
5000 m, retrieved with the column-integrated lidar ratios 27, 56.2,
and 21.7 sr, respectively.

total measurement range into three adjacent height
intervals, 500-1935 m, 1935-3090 m, and 3090-
5000 m, in which the column integrated ratios, S,;,
are found to be 27, 56.2, and 21.7 sr, respectively;
these S,; are shown in Fig. 5 as the thick vertical
lines. Three retrieved pieces of the profiles of (1,(0, 4))
for these altitude zones are shown in Fig. 7 as the
filled diamonds, the filled triangles, and the filled
squares, respectively. The profile of the extinction
coefficient, k,(h), over the total measurement range,
calculated with Eq. (8) separately for each zone, is
shown in Fig. 4 as a thick solid curve. For compari-
son, the extinction coefficient profile extracted from
the primary optical depth, 7,(0, 4), through conven-
tional numerical differentiation is shown in Fig. 4 as
the dotted curve; for the differentiation, the running
derivative with a vertical height resolution of 500 m
was used. The lidar ratio, S,(%), extracted from Eq.
(1) when using the extinction coefficient retrieved
with the numerical differentiation is shown in Fig. 5
as the dotted curve. One can see that these data
points are much noisier and are more scattered than
the stepwise column-integrated lidar ratio.

Let us consider sources of uncertainty in the re-
trieved extinction coefficient. As follows from Eq. (1),
the fractional uncertainty of the extinction coeffi-
cient, 8x,(%), obeys the simple formula:

by(h) = BB (WP + BS,(E.  (12)

Two error components influence the accuracy of
the retrieved x,(h). The first component, the frac-
tional uncertainty, 8B,(h), is due to the uncertainty
in the inverted backscatter coefficient, B,(%). The sec-
ond fractional uncertainty, 8S,(%), is related to the
difference between the actual lidar ratio, S,(4), and
the stepwise column-integrated ratio, S,;, used for
the retrieval of k,(h). This uncertainty is due to the
use of the approximated formula [Eq. (8)] with the
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column-integrated ratio, S,;, instead of the mathe-
matically rigid Eq. (1) with the actual S,(#). Obvi-
ously, for any interval, Ah; = A — h;, the difference
between variable S,(h) and the column integrated
lidar ratio generally increases with the increase of
Ah;, so a smaller interval will provide a smaller dif-
ference between S, (h;, k) and S,(h). On the other
hand, a constant column-integrated ratio, S, ;, is used
for the inversion instead the actual S, (A, h). As fol-
lows from Eqs. (6) and (7), the absolute value of the
difference between the selected S,; and the actual
S,(hj, h) can be written as

AT ,max(h)
~ 8y BY)| =

Bp(h")dh!

hj

|AS,(R)| = |Sp,; (13)

Equation (13) determines the maximal possible
level of the uncertainty, AS, (). Note that the selec-
tion of larger intervals is preferable because of the
increase of the denominator in Eq. (13). Thus, the
requirements for the selection of the optimal height
interval are contradictory.

The determination of the length of the intervals
within which S, (#;, #) can be taken as a constant is
the key point of the method, and different variants
can be used. It is impossible to give unanimous cri-
teria for selecting the length of the interval for all
possible measurement conditions, the same as for
selecting the range resolution for conventional nu-
merical differentiation of the optical depth, In this
study, the maximal possible intervals were selected
for determining S,;. Numerous simulations showed
that in the case of strong aerosol layering, this vari-
ant is more robust than the selection of equal height
intervals over the altitude range from A, to A, [6].
Other alternatives are currently being examined.

To show how robust the method is when utilized in
a real atmosphere, we present in this section an ex-
ample of lidar experimental data with an extremely
high level of random noise in both the inverted optical
depth and the backscatter coefficient. The data were
obtained during test measurements in a clear cloud-
less atmosphere in the spring of 2005 with the scan-
ning lidar that operated at the wavelength 355 nm in
a multiangle mode. The modernized Kano—Hamilton
inversion method proposed by Adam et al. [12] was
used to extract the height profiles of the optical depth,
7,(0, h), and the relative backscatter coefficient,
CB,(h). The constant, C, was determined from the
relative backscatter coefficient profile using the as-
sumption of an aerosol-free atmosphere at the alti-
tude ~4000 m. The profiles of the backscatter
coefficient, 3,(), and the optical depth, 7,(0, #), with
no smoothing are shown in Figs. 8 and 9 as the dotted
curves; thin dashed curves 1 and 2 in Fig. 9 show the
estimated uncertainty boundaries, T,,,(0, 2) and
7p.4p(0, ), respectively, and the thin solid curve 3 is
the base profile, 7,;(0, ). The column-integrated li-
dar ratios obtained for two height intervals, from 230
to 740 m and from 740 to 3500 m, are shown as the
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Fig. 8. Noise-corrupted vertical profile of the particulate back-
scatter coefficient, 8,(0, &), measured at the wavelength 355 nm in
a clear, cloudless atmosphere.
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thick vertical lines in Fig. 10. The values of these are
37.6 and 27.9 sr, respectively. The vertical profile of
the particulate extinction coefficient, «,(h), obtained
with the new method is shown as the thick solid curve
in Fig. 11. As with the inverted profiles, it is given
without any smoothing. Note that the nephelometer
readings, which show a good agreement with the
lidar data, were not used for the retrieval of the
vertical profile of B,(k) from the lidar data. For com-
parison, the extinction-coefficient profile obtained
through conventional numerical differentiation with
a range resolution 500 m is shown as the dotted
curve; one can see the unphysical negative values
over the heights ~2200-2800 m and a sharp increase
over higher altitudes.

There is an important advantage of the new
method, which we would like to stress. When process-
ing the shaped profile 7,,(0, 2) (curve 3 in Fig. 9), the
conventional numerical differentiation results in a
sharp increase in the derived extinction coefficient at
altitudes greater than 2800 m; the calculated «,(h)
here exceeds 2 km ™! and is out of the scale in Fig. 10.
Obviously, such an increase of k,(k) in a clear, cloud-
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Fig. 9. Dotted curve is the nonsmoothed vertical profile of the
particulate optical depth, 7,(0, 2), measured at 355 nm in a clear,
cloudless atmosphere. Dashed curves 1 and 2 show the profiles of
Tpsow(0, £) and 1,,,,(0, &), respectively, and thin solid curve 3 is the
base profile, 7,,(0, #). The thick solid curve shows the profile
{1,(0, h)) retrieved assuming a stepwise column-integrated ratio.

0.15

20001 Ah =500m
é 2000 1 T T T e s
E VA P de ot o e e
2 O P
2 . e Ty DL EREE GLS ik
=
1000 - .
' ""‘mu.
0 T . i .

10 20 30 40 50 60
Sp(h)rsp(h]lh) (SI’)
Fig. 10. Column-integrated lidar ratios (the thick vertical lines),

the profile of S,(%) obtained from Eq. (1) (the solid dots), and that
obtained with Eq. (14) (the solid curve).

less atmosphere does not appear realistic. Moreover, it
disagrees with the profile of B,(2) over these heights
(Fig. 8). This disagreement is most likely due to ex-
tremely large uncertainty in the derived optical depth
and its erroneous increase at the high altitudes.

The profile of B,(4) from which the extinction coef-
ficient is now extracted does not show the increase in
aerosol loading over high altitudes. Accordingly,
there is no such increase in k,(k) over high altitudes
when using the new method. This effect needs some
clarification. As stated above, the profile of the ex-
tinction coefficient retrieved with the new method
depends on both the optical depth and the backscat-
ter coefficient. If the level of noise in the inverted
optical depth, 7,(0, A), is small, the profiles 7,,,,(0, &),
and 7,,,(0, &) are close to each other, and the shape of
the retrieved extinction coefficient primarily depends
on the shape of 7,,(0, #). When the uncertainty area
between 7,;,,(0, #) and T,,,(0, h) increases, the fine
structure of the shape 7,,(0, 2) becomes less influen-
tial, whereas the influence of the shape of B,(#) on the
profile k,(h) increases. One can say that the new pro-
cessing technique “does not trust” the shape of
7,,5(0, ) when the uncertainty boundaries of the opti-
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Fig. 11. Profile of k,(h) retrieved using the new method (the thick
solid curve) and that obtained using the conventional numerical
differentiation method with a range resolution of 500 m (the dotted
curve). In the bottom of the figure, the range of the monotonic
change of the ground-based nephelometer data during the lidar
measurement is shown,
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cal depth are too large; it more relies on the shape of
B,(h). In short, when extracting (%), the influence of
the profile of ,(2) dominates if the uncertainty in the
optical depth is too high.

Using the profile of B,(2) and the extinction coef-
ficient, k,(h), extracted with the numerical differen-
tiation, one can calculate S,(h) with the simple
dependence between these parameters in Eq. (1). How-
ever, as discussed in the study by Shcherbakov [2], the
computing of the local values of the lidar ratio, S,(h),
subsequent to k,() can result in extremely noisy pro-
files for both k(%) and S,(h). The profile of the lidar
ratio, S,(h), calculated w1th the profile of ,(%) shown
in Flg 8 and the retrieved extinction coefficient,
K,(h), (Flg 11, dotted curve) is shown in Fig. 10 as sohd
dots. It is extremely noisy even for lower heights.

With our method, the profile S,(A) can be extracted
more accurately. Now it can be obtained from the col-
umn integrated lidar ratio, without using the retrieved
extinction coefficient, k,(%). The differentiation of Eq.
(4) and some simple transformations yield the follow-
ing dependence between the local and column-
integrated lidar ratios within the measurement range
from A, 10 Ay,

i
Bp(R"dR'
Sp(h) =Sp(ha, k) + Bo(h) dh[Sp(hl’ h)]’
where h, is an arbitrarily selected starting point of
the column integrated ratio, S,(h,, 2). The column-
integrated lidar ratio can be found from the original

profile of the backscatter coefficient and the base op-
tical depth, 7,,(%,, £), as

14)

pb(hb h)

Sy(hy, h) = (15)

By(h")dR'
hy
The profile of S,(k) obtained with Eq. (14) with the
numerical differentiation of the profile S,(h,, &) using
the sliding height resolution 500 m, is shown in Fig. 10
as the solid curve. Up to the heights ~1600 m the dif-
ference between S,(4) and the column-integrated lidar
ratio does not exceed ~6%, and then sharply increases

up to ~25%, following the sharp increase in the uncer-
tainty boundaries of the optical depth over these heights.

4. Summary

A method is considered that allows determining the
extinction coefficient from the backscatter-coefficient
profile using the assumption of a stepwise column-
integrated lidar ratio. The stepwise lidar-ratio profile
is selected that produces the best match between the
initial (inverted) profile of the optical depth and that
obtained with the inversion of the backscatter coeffi-
cient. Unlike conventional methods, the inversion is
made without using numerical differentiation.
Numerous simulations and the analysis of experi-
mental data have revealed that the extraction of the
extinction coefficient from the backscatter coefficient
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using optical depth as a constraint yields much less
noisy extinction coefficient profiles as compared to
the use of conventional numerical differentiation, es-
pecially in a clear atmosphere. When processing data
over the interval where the lidar column-integrated
ratio is taken as a constant, the profile of the extinc-
tion coefficient profile repeats the relative shape of
the backscatter coefficient. Accordingly, the relative
level of the random noise in the retrieved extinction
coefficient is the same as that in the backscatter-
coefficient profile from which it is extracted.

The retrieval accuracy may be strongly influenced
by the level of uncertainties in the inverted profiles of
B,(h) and 7,(0, ) and by sharp changes in the local
values of the lidar ratio within selected AA;. To check
whether this effect occurs, the a posteriori calculatlon
of the profile of the lidar ratio, S,(%), with Eq. (14) and
the comparison of it with the retrieved column-
integrated lidar ratios may be helpful. In this paper,
one of the simplest variants of this retrieval tech-
nique is analyzed. Alternative variants of the method
are currently under examination.
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