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This paper summarizes the results of application of differential absorption (DA)
method to remote sounding of atmospheric and polluting gases, obtained by different
groups of researchers. The lidar systems constructed in the last two decades are

reviewed.

1. INTRODUCTION

Laser methods hold a particular place in studies of the
gas composition of the atmosphere. Among the advantages
of these methods against others for investigating the
atmosphere are high spatial and temporal resolution, high
speed, and big atmospheric volumes observed. The laser
methods give promise since a great variety of interaction
phenomena between the electromagnetic radiation and a
medium accompany the laser radiation propagation through
the atmosphere. Among these phenomena there are light
absorption and scattering by atoms and molecules of
atmospheric and polluting gases as well as by aerosol
particles, resonance and Raman scattering by gas molecules,
fluorescence, optical signal distortion due to atmospheric
turbulence, etc. Each of these phenomena leads to certain
changes in energy, spectral, temporal, and polarization
parameters of laser radiation. Recording and interpreting of
these changes can yield information practically about all
parameters of the atmosphere.'~7

About three decades have elapsed since the first
publication® devoted to the use of a ruby laser for studying
the light scattering properties of the atmosphere (1963).
During this period a large bulk of data has been obtained,
which shows that a great number of conventionally
meteorological problems (among them, the estimation of
basic meteorological parameters such as air temperature,
humidity, pressure, and density) can be solved using laser
methods.!~79

For remote measurements of gas concentrations, air
temperature and pressure the following spectroscopic effects
are used: resonance absorption, Raman scattering, and
fluorescence. Among these effects, the resonance absorption
exhibits the largest interaction cross section and, therefore,
the laser method based on it is inherently highly sensitive.
This method is the subject of the study presented in this
paper.

For the first time this method was applied by
Schotland.'® Tts idea is that the information about
concentration of a gas under study is extracted from the
comparison of two lidar signals recorded at two different
wavelengths within a sufficiently narrow spectral interval.
One wavelength is within an absorption line (band) of the
gas under study, whereas another one is out of it. Schotland
named this method as differential absorption of scattered
energy (DASE). The terms differential absorption lidar”
(DIAL),!" "differential absorption and scattering” (DAS),!?
or simply ”differential absorption” (DA) method'® are also
in common use.

First DIAL measurements were carried out by
Schotland, who used the temperature tuning of a ruby laser
radiation wavelength at the water vapor absorption line.!®
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The ceiling of sounding was 4.3 km. Further development of
the DA method allowed the profiles of concentration of
such gases as H,0, NO,, NO, SO,, and O, to be acquired.”

As to the theoretical studies of the DA method, the
attention was mainly concentrated on the accuracy
characteristics of such laser systems”!2'>19 and on the
analysis of errors in determination of the profiles of
concentration of gases under study from lidar data's—2! as
well as on the development of efficient algorithms for lidar
signal processing.91%22:23

One can find some theoretical and experimental results
concerning the DA method in the reviews by Kostko,?!
Kildal and Byer,QS'26 Derr,?” Grant,?8 as well as in the
monographs.*7

The present paper analyzes the current state in
studying the differential absorption lidar method as applied
to sounding of atmospheric and polluting gases. The lidar
systems constructed by different groups of researchers are
also reviewed.

2. DIFFERENTIAL ABSORPTION METHOD

The differential absorption lidar method allows the
information to be obtained about spatial distribution of a
gas under study along a sounding path. Atmospheric aerosol
and molecular gases serve as tracers. The mathematical
formalism of obtaining the gas concentrations from lidar
signals is based on the lidar equation. In a single—scattering
approximation it has the form

Uty B =353 8,5 Su R [ 9= ) T2, vy dv (0

where U(v,, R) is an echo—signal from a distance R at a
frequency v, g(v; — v) is the spectral distribution of laser
radiation energy over a pulse, Sy(v;,, R) is an optical
function of the lidar equation, which is governed by

scattering properties of a medium, and S, (v,) is an

instrumental constant, which has the following form:

for analog mode of recording

Sv) = Pv) A F g q,(1 = q) 5, 6)
and for photon counting mode of recording
E()(Vi) C(Td + T)
SO =3 v AFqq,0—qg)—5 . 3)
1

Here P(v,) is the power of a laser transmitter; A is the area
of a receiving telescope; g, and ¢, are the efficiencies of the
transmitting and receiving optics; F is the geometrical factor
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(hereinafter it is taken to be unity); g, is the radiation losses
due to ignored factors (for example, incomplete use of the area
of a receiving telescope, signal losses in optical elements
introduced to equalize dynamic range of signals at wavelengths

A, and A ., etc.); tis the pulse duration; t, is the strobe

duration; E(v,) is the radiation pulse energy; hcv; is the

photon energy; and, n is the quantum efficiency of a PMT.
The term 7 %(v, R) in Eq. (1) is

R
T X(v, R) = exp (— 2 f K(v, 2) p(2) dz} ,
0

where p(2) is the gas concentration sought, and K(v, z) is the
monochromatic absorption coefficient of a gas under study.

Dimensionality of echo—signal depends on the
operation mode of a lidar receiving system. When not very
distant objects are sounded, signals are usually recorded in
analog mode. For this mode U(v, R) is expressed via
instantaneous signal power at a detector output. Weak
signals coming from remote volumes are recorded in the
photon counting mode. In this case U(v; R) is the number
of single electron pulses at the output of the recording
system.

The value c(ry+1)/2~c1,/2=AR governs the
spatial resolution (2AR is the strobe length) of a signal
recorded in a photon counting mode. For analog mode the
threshold value of spatial resolution is determined by the
laser pulse length, c1/2.

By sounding of the atmosphere with radiation pulses at

two wavelengths, one falling on the absorption line (i)
and another off it (i), and recording echo—signals
UG, , R) and UQ g, R), we can find the gas

concentration from the equation

. UG, R+ AR) UG, . R)
M TG, R+ UG, R @

p(2) = —=——
2 K ((R)AR

on’

where K (R)=K_ (R)— K (R) is the effective
differential absorption coefficient averaged over radiation
spectrum and spatial variable within the layer AK.

If we consider the signals U(x, R) and U(h , R) as

continuous functions of the range R, we can write the
following expression, instead of Eq. (4):

(R) L4 (U"“(R)) Pl )
p =—= 745 In| 77 == 5

2 kR R NTLB) 5% (R
K(R) = K,y (R) ~ K (R) (©)

S 9tv=v) K RYTXv, R) dv

K{R) = , i1=on, off . (7)

J oo =v) T2, R) dv

In the UV spectral range absorption coefficients are
slightly structured (for such molecules as ozone, SO,,

NO,, etc.) and within the laser pulse width they are
practically constant. Therefore, effective absorption
coefficient Keff—>1_<eff=l_<0n—K0ﬁ-, i.e., it is equal to
differential absorption coefficient itself.
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3. ERROR IN GAS CONCENTRATION DETERMINED
FROM LIDAR DATA

The classical equation for relative error 8p in gas
concentration measured with the DA method has the form

1 2. 2 A%
n (Yon + Yoff) + s ’ (8)

dp=—="""
2K 41 AR

where 7 is the number of radiation pulses, y,, and y_; are

on
random errors in recorded signals U_ and U ; determined

by the signal shot noise, background illumination, and dark
current. They are equal to
— for photon counting mode

N+ N, + Ny
2 s
N
— and for current mode
2B(P, + P)) hcv; + n? NEP?
2 )
P
where N, Ny, and N, are the numbers of photoelectrons of

% = i = on, off , 9)

Y

vi= (10)

echo—signals at the wavelength 2, background illumination,

and dark current, respectively; P,

; and P, are the power of

echo—signal at the wavelength 2, and background

illumination; NEP is the noise equivalent power; and 2B is
the detector frequency bandwidth.

Signals due to background radiation and dark current
are equal to

1

N, =N Aq MmQnty; (11)
NEP 2

N, = [REE n] - (12)

where AL is spectral width of the filter transmission curve,
and Q is the solid angle of a receiving system field of view.
In Eq.(8) vy, determines the systematic error,

independent of the detector noise. Expression for v, has the

following form?!:

a m _ pa m
) off p on p on B off "
pm BB ..
on Foff

2+82

Vz = 2(6[3:4

+ AR [ (a, — )2 82 + (am —am) 82 | +

on on am

M~ ~
+(2 AR)? 421[1<§ opj +og  pil + (2K p ARV SR, (13)
=
where |3ou, off — B (2)11, off + :)]:1, off *

First two terms in Eq. (13) are connected with the
variation of the medium scattering properties occurring
during the wavelength tuning. These terms must be taken
into account when sounding ozone in the UV.?! The third
term must be taken into account at the presence of

interfering gases. Here §_ and 3, are relative errors in

aerosol and molecular backscattering coefficients, 3. and

8, are relative errors in extinction coefficient due to

aerosol and molecular scattering; o_; and Gy are errors in

@
concentration and absorption coefficient assigned to the jth
interfering gas; K ; is the differential absorption coefficient

of the jth interfering gas. When isolated absorption lines
are used, the first three terms may be omitted.
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Let us consider the fourth term. The relative error in
the differential absorption coefficient, 3y, enters into it. Let

us list the main sources of this error.
a. Nonmonochromaticity of laser radiation. Often the
monochromatic differential absorption coefficient, K off 1 is

substituted into Eq. (5) for K . As we noted above, it is
true only for the UV spectral range. As is seen in Eq. (6),

K, depends on the shape and width of the laser radiation
line g(v; — v). The wider is the spectrum of radiation, the

greater is the discrepancy between K, and K. In this

case K,; becomes dependent on the gas concentration

sought, p(R) (via the square transmittance T 2(v, R)). This
problem was studied in detail in Ref. 20. Here we should
like only to note that the error in gas concentration
determined from lidar data can reach 40% and even more if
the width of laser radiation spectrum is equal to a half—
width of the absorption line.

b. Instability of radiation frequency. The absorption
coefficient K_ is a priori given for the frequency v (for

o). If the radiation

frequency is unknown or randomly changing, the error

arises in K, obtained. Fortunately, the

nonmonochromaticity and instability of laser radiation
compensate each other (i.e., the wider is the spectrum of
radiation, the smaller is the effect of instability on the
absorption coefficient). Nevertheless, the instability in the
radiation frequency can result in an error in gas
concentration up to 30% (Refs. 15 and 16) when sounding is
conducted with a ground based lidar and up to 40% when
sounding with a spaceborne lidar.

c. Spectral noise in laser pulse. Narrowing of laser
radiation line in tunable, especially, dye lasers very often
requires the use of a multicascade generator—amplifier
scheme to provide for a required power of sounding
radiation. In this case the wide—band radiation of
spontaneous emission being amplified takes the features
similar to laser radiation (ASE). If the lidar echo—signal
and backscattered atmospheric signal from ASE fail to be
separated spectrally, then the error arises in interpretation
of such lidar data, which can be expressed through the error
in absorption coefficient &:

simplicity we believe that K > K

1—¢
8 = = ,
K 1—c+e exp{— 2 fKeff(Z) p(2) dz}

where K is the effective differential absorption coefficient,

(14)

and ¢ is the degree of ”spectral purity” of a signal. This
problem was studied in detail in Ref. 19. For £ = 0.95 the
value of 8 is more than 20% at first kilometers along a

sounding path. Our calculations show that the error of
sounding humidity in the boundary atmospheric layer with a
spaceborne lidar can reach 100% for € = 0.99.

The above listed errors are directly connected with the
parameters of a lidar system and they can be classified as
the instrumental errors. The distortion of lidar signals by
the photorecording instrumentation which will be discussed
in the following section also falls into the category of the
instrumental errors. Here we should like to note two types
of errors, the source of which is the atmosphere itself.

d. Error due to a shift of the absorption line center
by air pressure. The influence of this phenomenon is most
essential for vertical sounding paths. The measurements?® of
H,O molecule spectral line profile at 694.38 nm carried out
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with two PA spectrometers at the pressure of humid air of
1013 mbar and 6.67 mbar allowed the line shift to be
determined, which was 0.017 cm~! atm™!. The influence of
line shift on the accuracy of determination of water vapor
concentration from lidar data is illustrated in Fig. 1. As is
seen from Fig. 1, the error can reach 26% at 15 km altitude
when sounding with a ground—based lidar (curve 7).
However, the influence of this effect can be weakened if Xon

is chosen already shifted by § ; = 0.017 em™! from the
center of the absorption line (curve 2).

Z, km

6](9%

FIG. 1. Error in determination of the absorption
coefficient of H,0O molecule because of neglecting

absorption line shift by air pressure at resonance tuning of
the laser radiation line at an absorption line; P =1 (1)
and 0.01 atm (2).

e. Error due to Doppler broadening of Rayleigh
backscattering line. Laser pulse spectrum distortion due to
Doppler broadening of Rayleigh backscattering line results
in the change of the value of the effective differential
absorption, what in its turn leads to the error in
determination of the gas concentration. This effect was
considered in a number of papers.'939=36 Our investigations
have shown that this effect is different for two different
types of sounding paths, ie., downward and upward
looking paths. The strongest distortions of the results of
lidar data interpretation occur in sounding air humidity
with a ground based lidar at the altitudes above 10 km. In
this case error can reach 100% and more to the point of
appearance of negative values, which are physically
meaningless, that calls into question the applicability of
differential technique of sounding of stratospheric humidity
with a ground—based lidar. In sounding with an airborne
lidar, the error due to Doppler broadening of Rayleigh
backscattering line is less than 16%.

4. NONLINEAR DISTORTIONS OF LIDAR SIGNALS
AND WAYS TO CORRECT FOR THEM

Only few papers devoted to study of nonlinear
distortions of lidar signals at their recording and the ways
of correcting the effects from them can be found in the
literature. Mainly the papers deal with the lidars using
PMTs as photodetectors. Nonlinear distortions of an output
signal from a PMT are caused by internal and external
factors, as well as by the effect of a signal recorded on the
parameters of a PMT and a photorecorder as a whole.
Among the internal factors there are slow and fast changes
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of  photoemission  properties  of  dynodes,  their
inhomogeneity, lag, and so on, whereas the ambient
temperature, level of distorting background radiation,
including the optical one, other radiations, and so on fall
into the category of the external factors.

We consider here three distorting factors. The first is
connected with the finite capacity of a single—electron pulse
(SEP) counter. As a consequence, some pulses remain
uncounted.?

The second factor is connected with the appearance of
false afterpulses. The influence of PMT afterpulsing is seen,
as a rule, at the tail of a lidar signal from a distant layers
along a sounding path in the form of accumulated excess of
recorded output signal over a true lidar signal. The PMT
afterpulses appear usually with a time delay of 100 ns after
the beginning of PMT photocathode illumination. In the
case when a PMT can be considered as a linear system with
constant parameters, the recorded lidar signal U(¢)
distorted by a PMT afterpulsing can be presented in the

form of a convolution of an actual signal U(¢) arriving at
the PMT’s photocathode with the PMT’s pulse—transient
characteristic H(t) (Ref. 38):

U@ = [ U Ht — 0 dr,

0
where 1 is a variable of integration over time. It is related
with a spatial variable z for lidar signals as 1 = 2(R — R)/c.

The pulse—transient characteristic can be measured from a
PMT’s response at its illumination by a short pulse of
nanosecond duration. In Ref. 38 the copper—vapor laser
radiation of 10 ns duration was used as such a pulse. The
photoelectrons of a PMT FEU—104 were recorded with a
photon counter having the count rate of 100 MHz and time
gate duration of 100 ns.

The function H(#) measured in Ref. 38 and
normalized to the value of signal recorded in the first
strobe is presented in Fig. 2. As seen from the figure, the
peak amplitude of false signals is three orders of
magnitude smaller than the level of illuminating signal
and slightly decreases with time. As a rule, PMT
afterpulsing decreases by an order of magnitude during
100 ps. A slight drop of a PMT’s afterpulsing imposes a
restriction on the repetition rate of sounding pulses. As
was shown in Ref. 39, in ground based sounding the
influence of PMT’s afterpulsing on lidar signal distortions
for altitudes above 12 km becomes considerable for laser
pulse repetition rate more than 3 kHz.

h(?), rel. units

]0—1 L

0 1 2 3 4 5 t,us
FIG. 2. Pulse-transient characteristic of counting PMT.
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To weaken the effect of various nonlinear distortions
of lidar signals, modern schemes of lidar recording systems
include several PMTs recording portions of a lidar signal in
a limited dynamic range from different segments of the
sounding paths. The net lidar signal is obtained by joining
at the stage of processing.

Output signals of lidar systems should be corrected
when appearance of nonlinear distortions of lidar signals
fails to be prevented. The simplest correction method is to
control carefully the values of the PMT’s amplification
factor, for example, with the use of a source of reference
light pulses®® and subsequent correction for distortions at
signal processing. Since signals of the most of lidar systems
are short and include informative fast oscillating
components, this way of correction is rarely used. The
method of prior determination of a recorder transfer
function wusing simulated optical signals and further
correction of recorded signals with a computer is more
promising from a practical standpoint. In this case signals
are corrected according to the formula®®

r—1
U(r)— > H@r—m) UGm)
m—1

&(7’) = H(O) 5 (15)

where U(7) is the signal recorded in rth strobe, and U(7) is
the corrected signal in the rth strobe.

The third distorting factor is due to the PMT’s time
lag. In this case the distortion has a form of a decrease in
signals due to “sticking” of single—electron pulses. The
algorithm for signal correction in this case is considered in
Ref. 41. The factor of "sticking” is taken into account by
the formula of asymptotically unbiased estimation of the

average number of photons U detected,

U=U exp(— {Jx) ; U=U/n, (16)

where x =t /1 1., is the width of a single—electron pulse

at the level of discrimination threshold; t; is the strobe

duration; 7 is the number of laser pulses; U is the average
number of pulses coming to a PMT; and, U is the number
of detected single—electron pulses. To solve this nonlinear
equation, the following iteration scheme can be used:
Uexplx U) —x(UH?

1—x 0!

CTi+1 —

17)

5. METHODS FOR NARROWING THE DYNAMIC
RANGE OF LIDAR SIGNALS

In a number of practical cases the interval of
variation of maximum intensity and the dynamic
difference in lidar echo—signal value in a pulse amount to
10°—10'2 times over time interval of 10~ s (Ref. 42). To
make the dynamic range of lidar echo—signal recorded
narrower, four methods are used®?:

— multiplication of recorded signal by square of time
(distance);

— logarithmic amplification of a recorded signal;

— step—by—step transformation;

— strobing.

All these methods are presented and classified in Table I.

The methods of logarithmic transformation and
multiplication of recorded signal are the functional ones.
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Moreover, the method of multiplication by square
distance is nonlinear in time and linear in the amplitude
of a recorded lidar return, whereas the method of
logarithmic transformation is nonlinear in the amplitude
of transformation. Implementation of these methods for
narrowing the lidar signal dynamic range is done using
optical, photoelectrical, and electronic approaches.

Optical approaches are performed using special
vignetting diaphragms, matched filters, and formation of
lidar geometrical factor.4%43

The use of vignetting diaphragms can result in
distortions of lidar returns due to atmospheric turbulence.
Matched filters usually reduce the energy potential of a
lidar and, correspondingly, the sounding range.
Constructions with the use of lidar geometrical factor
complicate the lidars, and the required effect in this case
is not always attained.

Electronic approaches are normally performed using
special amplifying schemes, in particular, logarithmic
amplifiers and high—speed electronic switches.4246 Among
the drawbacks of these approaches there are the
following: lidar photoreceivers remain unprotected against
the action of strong saturating signals.

Nowadays photoelectronic methods have gained a
wide acceptance for narrowing the dynamic range of
controlled lidar echo—signals. The input dynamic range of
a PMT in logarithmic mode of operation reaches 107 with
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the output dynamic range no more than 1.5 orders of
magnitude.”” However, the logarithmic transformation in
PMT, which is based on the effects in dynode system
occurring with appearance of a spatial charge between the
last dynode and collector, depends not only on the
intensity of input signal but also on its shape. This
produces significant errors arising in a photodetector at a
complicated shape of a lidar return.

By picking the output signal at different dynodes,
the dynamic range of lidar signals can be narrowed by
five orders of magnitude.®® However, such a scheme is
inapplicable to processing of rapidly varying signals. Tt
does not allow the overloads by strong signal at last
dynodes to be taken into account. Negative effects arising
here, such as weariness of dynodes, appearance of spatial
charges, redistribution of dynodes’ potential, take more
than 1073 s (Ref. 49) to restore the state of maximum
amplification.

PMTs with temporal amplitude adjustment of
amplification provide minimum information losses in
narrowing the dynamic range of a recorded signal. The
adjustment of PMT amplification can be done via power
supply  voltage,”® electrical field at modulating
electrodes®® or anodes and dynodes,”> and external
electromagnetic field.”® Analysis of existing schemes for
temporal amplitude adjustment of amplification can be
found in Ref. 54.

TABLE 1.
Type Methods for narrowing the dynamic range
of Active Passive
adjustmen Photoelectric Electronic Opto-mechanic
t
Functiona |PMT with temporal adjustment Amplifier with temporal adjustment of Compensating field

1 according to ¢2 law
Logarithmic PMT

PMT with adaptive temporal

load resistors of a PMT via
switching

Strobing |Gating of a photodetector

amplification following the ¢ law
Logarithmic amplifier

Amplifier with an adaptive adjustment of the wedges

Amplifier with step-by-step adjustment of

adjustment amplification
Step-by- PMT with step-by-step adjustment
step Picking of a signal off the dynode amplification

Amplifier with switching

Strobing amplifier

diaphragms
Compensating films and

Multibase receiving system
Several sounding beams
Changeable neutral filters
Changeable field stops

Mechanic gating
Electrooptical gating




TABLE 11. Ground—based lidars for sounding H,O.

Measurement features Transmitter Number of Receiver
Cur- [Altitude| Resolu- |Sensitivity| Operating |Type Operating PRF, | Energy pulses, Recep- Type of Telescope|Field of [Filter Refe- Notes
rent | range, |tion, km| ,error | period (d — | of | wavelength, nm Hz [per pulse,[time of accu-| tion diameter,| view, |width|Year|Country | rences
_ * : telescope .
number| km day, n — [laser| (*), frequency, mulation |scheme cm mrad |, nm
night) em—1
1 1.2 0.18 SA 970-976 0.2 1000 3 30 18 1976 United 73  Horizontal
Kingdo path
m
2 <3 0.3 7B 694.3* 1 250 1 0.18 m? 4 20 1979 USA 74
724.348*
724.372%
3 0-3 0.05—1.5 d/n 7A ~ 694* 0.2 1000 1 1 0.15 m? 1980 Russia 3
4 1 0.25 6A 5789.61 20 60 3A 45 0.56 1982 USA 75
5788.5
5 07 0.03— 10—15% 1B 724.3 * 10 70 3-10% 60 1982 France 76
0.3 723.2*%
6 3 0.015 15% ~ 724* 38 1982 France 77
7 3 1B ~ 720* 10 80 36 2.4 1983 France 78
8 9 0.1-0.3 1B ~ 724* 10 70 1 60 3 24 1983 France 79
9 1.5 0.1 5A 10R(18) 0.07 4000 3 30 1 1983 France 80
10R(20)
10  0—11 0.06—0.3 1—100% d/n 7A 694.383* 0.125 1000 50 1 50 2 1 1984 Russia 81
694.3*
1 15 2 50% d/n 1F ~ 590* 2000 0.5 8:10° 1 100 1986 Russia 153
12 7 0.075  0.7% SA 10303.5* 30 10—60 5103 1988 USA 82  Heterodyne
10260.4* reception
10494.5*
13 16 0.2 8 ~ 730* 10  50—100 30 1989 France 95 Pand T
being
measured
14 20 2-3 S5A 1-3.5 20 1989 India 95 Heterodyne
reception
15 2 S5A 10247* 1000 3A 1990 TItaly 83  Horizontal
10260* path
16 12 35 1 50 0.6 1990 Germany 84
2 28 8
17 9 ~ 2089 2 10 3A 30 1990 USA 85
18 0.075—1 1E ~ 720* 20 30 30 1.5 0.6 1993 Germany 86 Mobile
50
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€6 1dQ sruradQ sounly /CEE1 ISnINY /g ON ‘8 '[OA



TABLE III. Ground—based lidars for sounding the ozone vertical distribution (lidars for sounding the troposphere and the low stratosphere).

Measurement features Transmitter Number of Receiver
Curr- [Altitude| Resolu-|Sensitivity| Operating |Type Operating PRF, Hz|Energy pulses, Recep- Type Telescope| Field |Filter Refe- | Notes
ent | range, | tion, , error | period (d — | of | wavelength, nm per time of tion diameter,| of |width{Year| Country |[rences
| 1 /s . of tele- .
number| km km day, n — [laser| (*), frequency, pulse, | accumulation | scheme cm view, |, nm
night) em—! MJ scope mrad
1 0.5-2 0.3 S5A 9P(14) 1 5500 1 30 4.5 1979  Japan 55
9P(24)
2 2—-12  0.15 10—-20% 2B,3 209.4* 2.5 2—4 4000 1 50 4.8 2.9 1983 Japan 56
A 308* 8000
3 0-2.5 0.5 d 2C 277* 80 30 1 25 3 20 1983  Japan 57
317*
4 Troposphere 9B 288.9* > 50 1 1 40 1990 USA 58
294.2% Israel
5 0-3 2C 248—313* 80 ~ 300 13 1990 Germany 59
6 0—15 0.15-1 d/n 9B 266—313* 80  60—250 3 60 2 3.2- 1989 Netherland 60
6.5 S
7 0.2—-3 0.003 d/n 2E 248—313* 10 30 40 0.8 4 1993 Germany 61 Mobile
—0.6
8 0.2—12 0.05—1 d/n 2E 248—313* 80  60—250 2 50 1—10 12 1981 France 159
9 4—16 0.2—1 d/n 13 280* 20 50 1 61 1.8 1991  USA 62
295*
10 0—4 0.1 d/n 9B 266* 10 4-50 4 20 1 1990 USA 63
289*
1 0—12 0.3 10—20% d/n 14 271 7000 0.5 15 min 3A 30 2 1.5 1994 Russia 158 Stationary]
289*
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TABLE IV. Ground—based lidars for sounding the ozone vertical distribution (lidars for sounding the stratosphere).

Measurement features Transmitter Number of Receiver
Current[Altitude| Resol [Sensitivi-ty,| Operatin |Type| ~ Operating PRF, Hz |Energy pulses, Recep- Type of Telescope| Field | Filter Refe- Notes
number | range, | u- error g period | of |wavelength, nm per time of tion diameter,| of | width, |Year| Country |rences
. £\ . telescope .
km | tion, (d — day,|laser| (*), frequency, pulse [accumulation |scheme cm view, | nm
km n— cm— ! mrad
night)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1 <25 0.5 5—20% 3A 307.9* 1/15 50 15—45 min 1 50 10 20 1979 Japan 64
308.2*
2 10-30 0.75  20—-350% 3A 307.9* 2 50 1 50 5 20 1980 Japan 65
308.2*
3 5-30 0.45  5-20% 1H 285-310* 10 40 3101 1 36 1 3,70 1982 France 66
—1.2
4 20-50 0.1 5-10pug/m?3 2C 50 60 1983 Germany 68  Container at
helicopter
5 10-25 0.1— 1H 290—315* 0.1 20—-50 0.199 m?> 3-7 1983 Russia 69,
1 70,71
6 <25 5— 296—301* 10 40 15—45 min 1 80 1 70 1983 France 72
20%
7 5—30 1% 3B 308 * 100 150 1.5-106 60 1984 Germany 89 Container at a
353* helicopter
8 0—40 0.45— 1H 280-310* 10 20 80 2 3,70 1985 France 90
1
9 2-30 1-3 5% 1H 280—355* 10, 20 40— 310° 80 1985 France 67
3G 250
10 3-25 11— 2C 290—313* 20—-200 1-104 1985 Japan 91
1.5
11 15-350 1-7 3G 308—355* 80, 20 130 80 1986 Japan 92
12 0-30 1 3-5* 2B 277-360 80 > 30 1101 50 1987 Japan 93
10~ ¢m=3
13 0-20 1-2 289.294 150 650 1.510° 90 1987 USA 94
15-50 1-5 308.353* 20 50 1107 40
14 0-30 0.15— 5% d 2E 277-360* 80 30 30 min 50 2 2 1987 Japan 95
0.8
15 1.5-50 0.15 3B, 2C 277-351* 250 75—400 200 1989 Japan 95
16 5-70 0.5-3 31 289—532* 10—-60 15—150 80 1989 TItaly 95
17 40  2-3 5A W 1— 20 1989 India 95 Heterodyne
3.5W detector
18 10-25 d 3F 308—532* 1-2 10 2 100 3.6 1990 Russia 96
19  10-40 1-3 3H 308—532* 20,80 100, 80 1—2 0.9-1.8 1990 Japan 97
150
20 12—40 1-3  10—15% 3H 308—532* 20, 80 100,13 10°-101 1 80 1—2 0.9-19 1991 Japan 98 Mobile,
0 temperature
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TABLE IV (continued).

t [ 2| 3 | 4 | 5 | 6 | 7 8 9o [ 1o [u] 2] 13 [ 14 [5[16] 17 [18 ] 19
21 15—45 0.2 n 3C  308-353* 300 100 2 100 0.3—1 3.5 1993 Canada 99
22 10—40  0.03 d/n 3C  308—353* 300 230 2 100 0.2—1 2 1993 Canada 100
23 15-50 0.3-5 n 3C  308-355* 200 100—500 3 100 0.4 <2 1993 USA 101
24 10-50 0.5-5 n 3C  308—353* 20 300 60 0.4 5 1993 Germany 102
25 15-50 0.5-8 n 3G 308-355* 50 120, 300 1 80 1.3 20 1993  France 103
26 3—-30 0.015 n 289—294* 10 50 1 40 1-5 <1 1993 USA 104
27 5—35 0.03—-0.3 d/n 10 300—350* 10 100—1000 1 60 0.15—1.5 0.2 1993 Germany 105
28 2—40 0.15 d/n 31 299—-355* 10, 80 110—150 1 80 1 1993 Italy 106 Monochromator
29 15—45 0.3-5 n 3E  308-353* 250 400 2 81 0.5 2 1993 Netherlands 107
30 15—40 1-5 n 3G 308-355* 20, 80 110, 130 1 80 1—2  1-2 1993  Japan 108
31 10-50 0.1—1 n 3C  308-353*  50-—80 20, 40 220 0.3+1 1-2 1993  Russia 154
32 0-35 2D 339-351* 10 200 Japan 95
3D 2
33 20—45 0.5-2 3G 308-355* 10, 50 100, 200 0.5 m? 1989  France 95
34 20—42 3G 308-355* 2,20 W 3 75 1989 USA 95
35 3C  308-355* 300 10—125 2 100 0.8 3.5 1989 Canada 95
36 10-50 0.1 10—20% n 3C, 3F 308—353* 60 60 15—20 min 2 100 2 3 1992  Russia 157 Stationary
TABLE V. Lidars for pollution monitoring.
Measurement features Transmitter Number of Receiver
Current Altitu- Sensitivi[Operating| Operating |PRF, Hz|Energy pulses, Type of | Telescope |Field| Filter Refe- Notes
number | Gas | de | Resoluti- [ty, error| period |Type|wavelength, per time of Reception |telescope| diameter, | of [width, [Year|Country | rences
range, | on, km (d — day,| of nm (*), pulse, [accumulation| scheme cm view,| nm
km n— |laser| frequency, MJ mrad
llight) cm_1
1 2 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
1 NO, 1 0.1 0.05 1A 448.8* 4-8 1 20 1974 USA 109
448.1
446.5
441.8
2 SO, 1 0.07 0.06 1G 292.3* 0.017 0.3 8 7 1975 USA 110
o. 0.12 293.3
3 ppm*km 294.0
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TABLE V (continued ).

t 2] 3| 4 [ s [ 6 [7] 8 9 [1wo] 1 | 12 | 3 14 15 [16[17] 18 [ 19 [ 20
3 SO, 5 0.5 20 ppb 1G  298.0* 10—-25 0.4 3A 2 25 2 5—-10 1979 Sweden 11
NO, 10 mg/m? 299.0 0.5
458.2
456.8
4 SO, 1H 300.01* 0.1 1 2 26 0.017 10 1979  USA 112
299.5
5 CO 25 5B 2154—2086 300 1 3 1 30 1.1 1980  USA 113
6 H,O 2 0.25 Torr SA  10246.6* 70 1.3 60 1980 USA 114
CH, 10 ppb 10260.4
10532.1
10571.0
7 Hg 1 4 ng/m? 11 253.65* 10 0.7 2 25 20 1982 Sweden 160
253.68
8 SO, 30 mg/m? 1H 2993 * 3 2 30 1983 Sweden 115
NO, 1B 300.05
448.1
446.5
9 SO, 3 0.4 20% 1H 300.01* 10 12 2000 60 1984  France 116
oN 2.5 0.15-0.5 299.65 10 104 36
284.5
289.5
10 H,O0 9 0.1-0.3 1B 724—-855* 10 70—40 50 min 60 3 24 1983 France 79
0, 30 0.451.2 1H 310 36 1 3-70
11 HCI 0.1 300 ppb 13 3636.3 1 10 100 50 1984 Germany 117  Istalled
3698.3 onboard
a ship
12 0, 1.6 0.008 0.3% 1H  760.2* 10 100 100 45 1989  USA 118
759.3
13 NO2 3 0.05—-0.2 1C 447 .9* 10 20 50 1986  Japan 92  Pressure
446.5 being
measured
14 H,0 0.5 0.0075 6B 9347* 30 1987  Russia 155
10600
5 H,O 3 0.2 12 ~1751.5 3 10 25 30 1987  USA 119
CH, ~ 1750.
HCl ~1750.

e J8 A9NZ AA

665 14O P1uesOO "SOWIY /ST ISNBNY /8 ON ‘Q "[OA



TABLE V (continued).

t [ 2] 3 | 4 | 5 | 6 [ 7] 8 [ 9 | 10 [ 11 ] 12 | 13 | 14 15 | 16 | 17 | 18 [ 19 [ 20
16 NO 1K 226.8*% 80 5 2 40 1989 Germany 133
NO, 1E 224.5 3
448.1
453.6
17 NO, 6 0.1—1 d/n 1H T 450 10 5 1 28 2 10 1993 Netherland 120
s
18 H,O 3 0.015 d/n 5A  9200— 1 4000 2 38 1 1993  Italy
oN 5 10800*
19 H,O 10 0.015 n 8 700-800* 20 200 5 50 1—4 2 1993  Japan 121
0, 30 2A 248
20 H,O0 1-6 0.3 9 ~2000 5 150 2 40 1—4 1993  USA 122
o, 9A ~1000
21 NO 10 0.0015— d/n 1K 220-350* 80 2—5 1 60 0.15— 0.5-11993 Germany 123
NO, 0.2 1.5
SO,
03
22 NO 10 0.2-0.5 d/n 10B 220—2200* 10 100—1000 1 30 0.5-2 0.5 1984 France 151
NO,
N,O
SO,
CH,
CeH
6

TABLE VI. Airborne lidars for different purposes.

Measurement features Transmitter Number of Receiver
Current Altitude Sensitivi-|Operating Operating | PRF, |Energy| pulses, Type of | Telescope | Field |Filter Refe- Notes
number | Gas | range, [Resoluti-ty, error [ period [Type|wavelength,| Hz | per time of  [Recep-|telescope| diameter, | of |width,|Year|Country|rences
km on, km (d — day,| of nm (*), pulse |accumulation| tion cm view, | nm
n — |laser| frequency, scheme mrad
llight) Cm_1
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 | 17 18 19 20
1 O; Down-  0.15  20-50% 1L 282* 10 1-3 1 30 1983 USA 138 Balloonborne
ward 355*
from 23
and 36
2.5
2 O; down to 0.21 5 ppb 1H 285.9* 1—10 30 100 1 35 <2 0.3 1993 TUSA 139
3.2 10% 299.4*
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TABLE VI (contibued).

I 3 4 | 5 [ 6 [7] 8 [ 9 [ 10 11 [ 12 13 14 | 15 [ 16 [17] 18 [ 19 | 20
3 O, downto  0.15 20 ppb d 5A  9P(14), 0.25 300 200 2 30 1989 Japan 140
1.7 20—40% 9P(24)
4 O, 1—6 0.35 10— n 1H 286-311* 10 3 40 1991 USA 141
18-26 0.5 40 ppb
5 0O, 1-3 0.007 d/n 2E 248-313* 30-50 300 35 1 20 1991 USA 142
down- -0.1
ward
6 0O, 0—15 0.15 d/n 9B 266—290* 10 30 1 40 1—6 2 1989 Canada 134
7 0O, 1—10 0.2 d/n 1H 286—300* 10 30 35 <1.25 1989 USA 144
down-
ward
upward
8 O, 5 0.21 5 ppb 1H  ~ 300* 10 40-80 35 1982 USA 145
H,O 1.5 103 1B ~ 700* 10 50
9 0O, 3.6 0.3 d/n 2E  277-360* 20 30—60 50 0.5—1 7—-15 1991 USA 146
SO,
10 H,0 4 0.05 0.002 1B 723.2* 10 50 200 35 1982 USA 147
11 SF; S5A  10.510 cw 3w 2 7.5 1978 Germany 148
9.460
12 H,0 7 0.1-0.2 d/n 1B ~ 724* 1—10 30—40 1 35 1.3 0.6 1989 Germany 149
13 O, 3 0.1 2E 277-360* 20 30-60 50 1989 USA 95
SO,
NO,
14 Oy 1.6 20 ppb 1H 292-298* 5 10 45 1984 USA 150 Pressure and
H.O 10% 1B ~ 724* 60 temterature
2 10% 8 ~ 940* 50—100 being measured
15 H,0 0.2-10 d/n 8 726.5* 150 1 3 38 1990 USA 33
732*
16 H,O 1-7 0.2 8 ~727* 10 30—100 35 <1.25 0.5 1990 USA 152
down-
ward
17 H20 0.8—2 0.15 1B ~ 720% 10 30 40 1983 Germany 161
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TABLE VII. Mobile lidars for pollution monitoring.

Measurement features Transmitter Number of Receiver
Curr- Altitude Sensitivity| Operating Operating | PRF, | Energ pulses, Type of | Telescope | Field |Filte Refe- | Notes
y Y y
ent | Gas | range, | Resoluti-| , error period [Type[wavelength| Hz |per pulse,| time of [Receptionftelescope| diameter, of r | Year | Country | rences
number km on, km (d — day,| of |, nm (*), MJ |accumulation| scheme cm view, |widt
n — night)|laser| frequency, mrad | h,
cm ! nm
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 | 17 18 19 20
1 SO, 3 0.1 30 ppb 299.22* 50 1981 USA 124
300.0
2 SO, 3 0.015—-0.2 25 ppb 1H  300.05* 10 10 1—1000 50 1982 USA 125
299.38
3 SO, 2.5 0.01 1 ppm 1H  300.2* 10 10 1000 45 1983 Russia 126
299.5
SO, 3 0.015—-0.2 50 ppb 1H  ~ 300* 10 30 300 56 1984 Ttaly 127
SO, 3 0.3 15 ppb 1G  296.17* 0.5 10—60 120 60 1984 Germany 128
NO. 10 ppb 1A 297.35 100—300
2 448.1
449.8
6 H,0 6 0.1-0.3 3—10% S5A  10246.6* 15—20 40-50 600 22 1987 USA 129 Hetero
10260.4 dyne
10303.5 detector
9305.4
9282.4
7 SO, 1.5 0.1 15 1H  300.05* 10 1000 30 1987 Russia 155
NO 3 0.03 25 pg/m?3 1C 299.3 10 2
2 448.1
446.5
8 SO, 3 0.015 25 1H  300.03* 5 S5 400 3A 40 2 1987 Sweden 130
NO. 0.015 15 pg/m? 299.33
2 6 ~ 450
9 NO, 3 0.1—-0.3 3 ppb 1C  448.1* 10 20 6000 50 1987 Japan 156
446.6
10 Cl, 1 0.25 170 ug/m 1H 308* 10 2 140 30 1987 Sweden 131
3 298

8 'ON ‘8 '[OA /€661 IsnSny /dQ d1uesnQ souny

C09 ‘Te Je AODZ "ATA



TABLE VII (continued).

1t [ 2] 3 4 | 5 [ 6 7 8 9 [ 1o | 11 12 13 14 [15] 16 J17] 18 T19] 20
11t NO 1 0.35 3 pg/md 9C  226.812* 5 3-5 40 1989 Germany 132
226.824
12 No, 1 1 1E 448.1* 80 30 2 40 1989 Germany 133
NO 0.1 ppm* 1K 453.6 5
m 226.8
224.05
13 Hg 1 2 ng/m3 1K 253.652* 5 5 2 40 1989 Sweden 134
253.66
14 NO, 2 0.1 1H  448.1% 10 5 1000 1990Netherland 135
449.9 4000 s
15 NO 10 0.01-1 d/n 1E, 1K 225-440* 100  4—50 1 60 3 0.2-5 1993 Switzerlan 136
NO, d
SO,
03
16 NO 3 0.012 1H UV-IR 10 0.01—1 3 50 1 1993 United 137
NO, 9A Kingdom
03
SO,
C,H,
CgH

6776
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6. LIDARS FOR SOUNDING THE ATMOSPHERIC
AND POLLUTING GASES

In this section we present information about
differential absorption lidars constructed in last 15 years by
different groups. This information is tabulated in Tables 11—
VII. Tables II-V present the lidars for sounding humidity,
ozone, and polluting gases, respectively. Table VI gives
information about airborne lidars, whereas Table VII is
devoted to description of mobile lidars.

The tables have the following blocks: a) measurement
features, b) transmitter, and c) receiver. Each block
contains a detailed information. Presented in column 6 is
the number of a laser type, whereas the data on lasers used
are presented in Table VIII. Columns 11 and 12 give the
numbers of lidar optical scheme (see Fig. 3) and type of the
telescope. Telescopes are listed in the following order:
Cassegrenian telescope (7), Newton one (2), Dal’—Kirkham
one (3), Newton telescope with parabolic mirror (4), and
Konde—Newton one (5). Presented in the last columns of
Tables ITI-VII are the year of publication, the country, and
the number of reference.

1 1A

FIG. 3. Versions of optical ” transmitter-receiver” schemes
used in lidars: transmitter (1) and receiver (2).

TABLE VIII. Types of laser sources.

1. Dye laser

1A. dye laser with flash-lamp pumping,

1B. dye laser pumped by second harmonic of Nd:YAG
laser,

V.V. Zuev et al.

1C. dye laser pumped by third harmonic of Nd:YAG
laser,

1D. dye laser pumped by nitrogen laser,

1E. dye laser pumped by XeCl laser,

1F. dye laser pumped by copper vapor laser,

1G. second harmonic of dye laser with flash-lamp
pumping,

1H. second harmonic of dye laser pumped by second
harmonic of a Nd:YAG laser,

11. second harmonic of dye laser pumped by third
harmonic of a Nd:YAG laser,

1J. second harmonic of dye laser pumped by nitrogen
laser,

1K. second harmonic of dye laser pumped by XeCl
laser,

1L. anti—Stokes in H, from second harmonic of dye

laser pumped by second harmonic of a Nd:YAG laser.
2. KrF laser

2A. KrF laser,

2B. KrF laser with CH, SRS cell,

2C. KrF laser with H, and CH, SRS cell,
2D. KrF laser with H, and D, SRS cell,
2E. KrF laser with H,, D,, and CH, SRS cell.

3. XeCl laser
3A. XeCl laser,
3B. XeCl laser with CH, SRS cell,

3C. XeCl laser with H, SRS cell,
3D. XeCl laser with D, SRS cell,
3E. XeCl laser with H,, and D, SRS cell,

3F. XeCl laser with second harmonic of Nd:YAG,

3G. XeCl laser with third harmonic of Nd:YAG,

3H. XeCl laser with second and third harmonics of
Nd:YAG,

3I. XeCl laser with SRS cell with second harmonic of
Nd:YAG,
4. XeF laser
5. CO,—laser

SA. pulse TEA CO,—aser,
5B. second harmonic of CO,—laser.

6. Parametric light generator (PLG)

6A. PLG pumped by first harmonic of Nd:YAG,

6B. PLG pumped by second harmonic of Nd:YAG,
7. Ruby laser

7A. ruby laser,

7B. ruby laser with dye laser pumped by ruby laser.
8. Alexandrite laser
9. Nd:YAG laser

9A. Nd:YAG laser,

9B. fourth harmonic of Nd:YAG laser with H, and D,
SRS cell,

9C. Nd:YAG laser radiation mixed with second
harmonic of dye laser pumped by second harmonic of
Nd:YAG.
10. Titanium sapphire laser

10A. titanium sapphire laser and its second and third
harmonics,

10B. titanium sapphire laser radiation mixed with its
second and third harmonics.
11. Ho:YSGG laser and Nd:YAG
12. Co:MgF2 laser pumped by Nd:YAG radiation
13. DF laser
14. Cu laser
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Time histograms of publications for years and countries
are shown in Figs. 4 and 5. One can see that in the field of
H,O sounding the USA, France, Germany, and Russia are

leading countries, as to ozone sounding the leaders are
Japan, USA, Germany, and Russia, and in the field of
sounding of polluting gases the leaders are Sweden,
Germany, USA, and Japan. The USA is certainly the leader
in airborne lidars.
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