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Abstract

The methodology of laser remote sensing of the atmosphere using the Differential Absorption
Lidar (DIAL) technique is reviewed in detail. A full treatment including the details of the spectral
distribution before and after scattering is presented, and approximations for the application of the
technique to water vapor, temperature, and ozone measurements are derived. The general method-
ology is used in conjunction with experimental data sets to identify possible sources of error and
to provide quantitative estimates of the accuracy which can be achieved in the measurements.

Experimental data are presented for profiles of water vapor, temperature, and ozone in order to
demonstrate the capability of providing accurate measurements of the space-time distribution of
important atmospheric constituents, for both detailed process studies and routine observations. As
a special application measurements of vertical flux profiles of water vapor and ozone in the
boundary layer are presented, introducing the use of high resolution remote sensing data for eddy
correlation measurements of the turbulent transport. Advantages and limits of this method are dis-
cussed.



A, Introduction

Progress in the understanding of atmospheric processes often requires experimental data describ-
ing the important features. While measurements at ground level can usually be performed with the
required accuracy, resolution, and area coverage, the determination of the vertical distribution of
many important parameters is still difficult. For in-situ measurements the applications are strongly
limited by the available platforms: free flying balloons typically cannot be launched as frequent as
necessary, and only rather cheap and small instruments can be deployed because they will gener-
ally get lost; tethered balloons mostly can be launched only under light-wind conditions, and in
most regions are not permitted at all because of air traffic regulations; the use of aircraft is rather
restricted because of their relatively high costs, in addition they do not allow direct acquisition of
truly vertical profiles. Therefore the use of remote sensing techniques has become increasingly
important for the acquisition of data necessary for detailed atmospheric process studies. In partic-
ular active remote sensing systems, using the backscatter from waves which are transmitted by the
system itself, offer the high spatial and temporal resolution which is necessary to study many
tropospheric processes. For determination of trace gas concentrations the method of Differential
Absorption and Scattering Lidar, usually called DIAL (Differential Absorption Lidar) has been
developed, which can be used in many applications.

In this paper three particular applications of this method shall be discussed in detail: measure-
ments of the vertical distribution of water vapor, temperature, and ozone. All these applications
are important topics in atmospheric research, at least in principle the same methodology is used,
but with marked differences in the details, and they serve well as examples to demonstrate the
broad range of applications of the DIAL technique.

Water vapor Investigation of the water cycle in the atmosphere is one of the primary goals
of atmospheric and climate research, as stated in the ,,World Climate Research Programme*
(WCRP) of the World Meteorological Organization (WMO). These studies are organized world
wide in the ,,Global Energy and Water Cycle Experiment* (GEWEX) [WCRP-5, 1988]. The main
reasons for the importance of the atmospheric water cycle are:

. Water is present in the atmosphere in all three phases: gaseous, liquid, and solid. It’s phase
transitions are associated with rather large energy transfers.

. Water has a major impact on the radiation budget in all three phases, but the spectral proper-
ties differ widely between the phases.

. Water vapor is the most important greenhouse gas, and it shows the largest variability both
temporally and spatially of all important greenhouse gases.

. Water plays an important role in the feedback mechanisms of the climate system.



. The direct effect of atmospheric water vapor is mainly related to changes in the vertical dis-
tribution of radiation, and to the major contribution of latent heat to the overall transport of
energy.

. Indirectly water vapor has a major impact on the radiation field by determining the distribu-
tion of clouds. Clouds have a large influence on the radiation field, which is quite complex
because of the strong interaction between dynamic, thermodynamic and radiative processes
associated with them.

. The local heating due to the condensation of water vapor and the heat transport associated
with latent heat lead to a dual role of water in the atmosphere. It can enhance the energetics
of individual weather systems (e.g. hurricanes), while allowing the large-scale motions to
transport heat more effectively with smaller density anomalies than would be possible in a
dry atmosphere.

In spite of it’s long recognized importance the individual components of the water cycle are still
not very well known. In the concept for GEWEX [WCRP-5, 1988] this is summarized as follows:
»Present uncertainties in the geographical and temporal distributions of the components of the
water cycle are still shockingly large. Typical discrepancies between published budgets are a fac-
tor of 2 or more for net precipitation minus evaporation over whole continents .

Obviously, there is a desperate need for improved determination of both evaporation and precipi-
tation rates, which are representative for extended areas. The remaining components of the water
cycle are not sufficiently well known either. Particularly for measuring the vertical distribution
suitable instruments are lacking, which achieve simultaneously high accuracy, high resolution,
and continuous operation. Improved knowledge of the water vapor distribution is essential for an
improved understanding of the water cycle. Especially, the GEWEX observing system develop-
ment programme includes the suggestion of determining the global water vapor distribution using
a space-borne Differential Absorption Lidar (DIAL). This method has been regarded as most
promising for making significant contributions to determining the vertical distribution of water
vapor, including ground-based, airborne, and space-borne applications [Schotland, 1966;
Remsberg and Gordley, 1978].

It is quite clear that a complex remote sensing technique like water vapor DIAL has to be fully
understood in all details of it’s methodology before it can be used in extended applications, in par-
ticular space-borne applications. The fundamentals of the methodology have been summarized by
Schotland (1974), and Measures (1984). Important aspects of the influence of the spectral distri-
bution have been published by Mégie (1980), Cahen and Mégie (1981), Zuev at al. (1983a), Ans-
mann (1985), Bosenberg (1985), Ansmann and Bosenberg (1987). In this paper a comprehensive
and detailed analysis of the DIAL-method including all details of the spectral distribution of the
transmitted and the received light shall be presented. Considering the Doppler-broadening of the
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molecular backscatter appears to be very important, because this effect can seriously limit the
attainable accuracy. The possible errors due to this effect in cases of spatially inhomogeneous aer-
osol distribution will be studied extensively, and their magnitude will be estimated on the basis of
extended experimental data sets.

The DIAL technique was first proposed for water vapor measurements [Schotland, 1966] and has
since then been used for measurements of numerous trace gases [Measures, 1984]. Many water
vapor measurements have been reported using the near infrared spectral region (690 - 730 nm)
[Browell et al., 1979; Werner and Herrmann, 1981; Cahen et al., 1982; Browell, 1983; Zueyv et al.,
1983b; Browell et al., 1984; Ansmann, 1984; Bosenberg, 1987; Bosenberg, 1991; Senff, 1993;
Ehret et al., 1993; Senff et al., 1994; Wulfmeyer, 1995]. In addition several systems have been
developed and tested using CO,-lasers at 10 wm, using both direct [Murray, 1978; Rothe, 1980;
Baker, 1983] and heterodyne detection [Hardesty, 1984; Fukuda et al., 1984; Grant et al., 1987].
In spite of the great importance of water vapor measurements and of the large effort spent for the
development of systems none of them has so far been used continuously in extended field meas-
urements. This clearly indicates that in spite of the efforts (and in spite of some claims) the neces-
sary accuracy had not been reached, at least not for routine operation. The main reason for this is
the fact, that the water vapor absorption lines which can be used for such measurements are very
narrow, so that all measurements performed with these lines fall within the scope of high resolu-
tion spectroscopy. Applications in atmospheric research are very demanding with respect to the
required laser system properties as well as to accounting for atmospheric effects in the evaluation
process. The laser system requirements have so far been a major obstacle for all water vapor
DIAL measurements, only recently such systems have been developed which have demonstrated
the required performance characteristics [Bruneau et al., 1994; Ponsardin et al., 1994; Wulfmeyer
et al., 1995).

In this report it will be demonstrated by both theoretical studies and test measurements, that the
DIAL technique is capable of providing very accurate measurements of the vertical distribution of
water vapor throughout the troposphere. It will also be demonstrated, that such measurements are
very well suited for studying vertical transport processes. Routine application appears feasible,
and technical improvements are suggested which simplify the evaluation procedure.

Temperature The importance of measurements of the vertical atmospheric temperature
distribution is obvious, they are absolutely necessary for all kinds of atmospheric process studies.
Numerous methods have been suggested and explored, use of the DIAL technique can only be of
advantage if good accuracy and high resolution in space and time can be reached. Suitable absorp-
tion lines for the application of the DIAL technique in this context are rotational-vibrational tran-
sitions of oxygen, which are even narrower than the water vapor lines. In addition, the required
accuracy of the determination of the absorption coefficient is very high. Hence the details of the
spectral distribution before and after the scattering process are even more important than for water
vapor profiling. The requirements for attaining this accuracy will be studied in detail in this work.
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Ozone Tropospheric ozone levels have been recognized to present a major environ-
mental problem. High ozone concentrations during so-called summer smog episodes have already
led to legislative actions attempting to limit the peak concentrations. Tropospheric ozone forma-
tion is part of a highly complex system of processes, where many trace substances, solar radiation,
and meteorological transport processes are involved. This complex system of processes was stud-
ied in detail in the frame of the European cooperative research project EUROTRAC, and, with in
this frame, particularly in the sub-projects ,, Tropospheric Ozone Research (TOR)* and ,,Tropo-
spheric Environmental Studies by Laser Sounding (TESLAS)*.

TOR was dealing mainly with the complex chemical processes which are important for the forma-
tion and destruction of ozone. To a large extent this was performed using a network of surface sta-
tions measuring a number of key species. The main objectives of TOR were to find out:

. How much ozone is exchanged within the troposphere?

. How much ozone is produced in the troposphere?

. How much of the ozone production is caused by anthropogenic precursor gases?

. How much ozone is destroyed by photochemical reactions in the troposphere, and how

much by deposition at the surface?

The treatment of these problems is made particularly difficult by the facts, that the sources of pre-
cursors are inhomogeneously distributed, many substances having widely varying lifetimes are
involved, and different mechanisms of destruction exist. The surface, where most of the measure-
ments are performed, acts as the strongest sink in the system. Due to the long lifetimes of at least
some of the substances, long range transport can cause major redistributions. Given that in all
transport mechanisms the vertical component is important, it appears to be very important to
measure the vertical distribution of at least the key substance, namely ozone.

At the present it is not possible to predict the tropospheric ozone distribution with sufficient accu-
racy using coupled chemistry-transport-models, see e.g. Langmann (1995). It could be shown by
comparison of a series of measured ozone profiles with model results, that at least one reason for
this is the inadequate treatment of vertical exchange processes in the model (Grabbe, 1995).

Methods for the experimental investigation of turbulent exchange processes in the lower tropo-
sphere have been developed in the frame of the EUROTRAC sub-project TESLAS, which was
focused at the development of the DIAL technique for measuring vertical profiles of zone within
the troposphere. Main topics were the studies of the accuracy, which can be reached under a broad
range of meteorological conditions, and the optimization of the measurement systems with
respect to reliability and ease of operation in routine applications. Important contributions to these
goals are summarized in the present work. It will be shown, that the DIAL technique yields excel-
lent accuracy as well as high spatial and temporal resolution. The latter is particularly important
for studies of turbulent exchange processes. The importance of these processes for the resulting
ozone distribution during summer smog episodes has been demonstrated (Senff et al., 1996).
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In the previous paragraphs it has been shown that laser remote sensing using the differential
absorption technique can contribute substantially to experimental studies of atmospheric proc-
esses. In this work a comprehensive treatment of the DIAL methodology is attempted. This will
be amended by a number of selected examples of actual applications, demonstrating both the
potential and the limits of this method. The results will also be compared to those obtained with
other methods.






B. Basic Methodology of Laser Remote Sensing (Lidar and DIAL)

All lidar techniques which will be treated here have in common that light is analyzed which is
backscattered in the atmosphere from a short light pulse transmitted from the lidar system. Scat-
tering processes are thus key elements of these methods. A full treatment of all details of the rele-
vant scattering processes is clearly beyond the scope of this paper, the reader is referred to the
literature (e.g. van de Hulst, 1981; Bohren and Huffman, 1983). However, the most important
facts shall be presented which will be used subsequently for the detailed treatment of the lidar
methodology.

B.1. Scattering Processes

In the wavelength range of about 0.25 - 10 pum, which is generally used for lidar measurements,
the following scattering processes are important:

1.  Elastic scattering by molecules (Rayleigh scattering).

2.  Elastic scattering by aerosol particles (Mie scattering).

3. Inelastic scattering by molecules (Raman and Brillouin scattering).

4.  Fluorescence.

In this work only those scattering properties will be used which describe the intensity of the scat-
tered light. Hence phase and polarization need not be considered in the following.

The scattering of a plane wave at a single particle is described as follows:

At large distance from the scattering particles the scattered radiation which propagates in a direc-
tion defined by the scattering angles ® and @ can be treated to good approximation as a spherical
wave. The intensity of the scattered light at distances R is then given by

1
[(®,®,R) = Io-p(@,cp).(/*SC(,;2 : (B.1)

Here © is the angle between ko and %, in the scattering plane, which is defined by the wave vec-
tors of the incident and scattered waves, ko and s, respectively. ® is the azimuthal angle in the
plane perpendicular to ko. p(@.®) is called phase function, and it describes the angular distribution
of the scattered intensity. The azimuthal angle @ is important only if the scattering particle does
not have spherical symmetry. Cg., is called the scattering cross section, and is equal to the area
which receives as much energy from the incident radiation as is scattered, integrated over all
directions, by the particle. This is in analogy to the usual definition of the absorption cross section
C,ps> and with these the extinction cross section C,y; is defined as

Cext = Csca + Cabs
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Thus the extinction describes all that radiation which is removed from the incident beam.

For the present work the scattering by an ensemble of many particles is of particular importance.
If the scattering at the individual particles is independent, the total scattered intensity is given sim-
ply by the sum of the scattered intensities from the individual particles. Introducing the density of
the particles N (number of particles per unit volume), the extinction-, scattering-, and absorption-
coefficients can be defined, respectively, as:

oa=N-C

ext

o =N-C

sca sca

(B.2)

Caps = N- Cabs

This definition is for a single type of scatterers, e.g. the molecules of a homogeneous gas. For an
aerosol the scattering properties depend on the radius of the particles only (for given chemical
composition and wavelength of incident radiation), and the aerosol contains many particles with
different radii a. Given the size distribution N(a), e.g. eq. (B.2) can be written as

Qrnax

a= [ N C,(a)da (B.3)

a

min

In the context of this work scattering at the individual particles can be considered independent. As
a rule of thumb, this is possible if the distance between the scatterers is larger than three times the
radius of the particles (van de Hulst, 1981). This holds for all atmospheric conditions where lidar
measurements can be performed. However, when coherent detection of the scattered radiation is
used, e.g. in Doppler lidar applications, it has to be considered that the phases of the waves scat-
tered at different particles have a fixed relation, which leads to interference effects (speckle). This
requires an extremely narrow-band laser emission, and detection in a way that the diffuse scatter-
ing at a distributed target can be considered at least partially coherent. The size of the area for
which this is true is given by the van Cittert-Zernike theorem (see e.g. Born and Wolf, 1993). For
most lidar systems both the laser bandwidth and the detector area are too large to observe coher-
ent signals. Only in specially designed systems, e.g. Doppler lidars, the partial coherence of the
backscatter from a distributed target can be detected. These systems shall not be treated in detail
in the frame of this work.

An important quantity in lidar applications is the backscatter coefficient B, because almost all
lidar systems collect light which propagates in the backward direction with respect to the trans-
mitted beam. The backscatter coefficient is defined as the product of the total scattering coeffi-
cient and the phase functions for ® =T,



B =pn) o, (B.4)

Further the so-called lidar ratio is introduced as

SL = (B.S)

IR

where o is the extinction coefficient.
B.1.1. Elastic scattering by molecules

The scattering of electromagnetic waves by molecules is usually described by a theory first devel-
oped by Lord Rayleigh (Strutt, 1871). The classical treatment of the problem assumes, that a
dipole moment is induced in the molecules by the incident wave, which in turn is the source of a
radiative field. Hence, the total scattered radiation is calculated as the sum of dipole radiation
fields from statistically distributed molecules.

The quantities which are required for simple lidar applications are described briefly in the follow-
ing. This presentation is mainly a summary of those given by Bohren and Huffman (1983), Long
(1977), Wandinger (1994). For a gas with particle density N the backscatter and extinction coeffi-
cients are given by

2 2
4 45 Ayt T’Ym

By = k' N —L—" (B.6)

2 2
8T 4 45a, + 7y
Oy B Spk” IN === ik (B

respectively. Here the polarizability am2 and the anisotropy sz are molecular constants of the gas.
K takes into account the depolarization of the scattered radiation for anisotropic molecules, we

have

45a + 102,

= s (B.8)
45a,, +7v,,
Hence the lidar ratio for Rayleigh scattering is
2 2
8T 45a. + IO’Y
L,m = ? = _m (B.9)

45a,2n + 77,2n
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For nitrogen and oxygen and hence for air the anisotropy is small, approximately we have

2 2 2
45a,, + 10v,, 5 i Yo

(B.10)
45“§; + ?'yi lSaii
and hence
8 Y2
b I
Slez?[l + ”2] (B.11)
15a,,

A compilation of scattering matrices for the complete calculation of all scattered components for
arbitrary state of polarization was given by Wandinger (1994).

Although the Rayleigh scattering process is elastic, the backscattered radiation differs in fre-

quency from the incident radiation due to the Doppler-shift caused by the thermal motion of the
molecules (velocity vyy)

AV _ Zle (B.12)

For monochromatic incident radiation at wavenumber v, the Rayleigh-backscatter has the spec-
tral distribution described by

il e_(v —vo) /26

gr(v) = (B.13)
. be2T
with the halfwidth (HWHM) given by
2V 2k TIn2y1/2 _—
R = T(_ML ) i)

where kg is Boltzmann’s constant, T absolute temperature, and My the averaged molecular mass
for air.

This distribution is slightly modified by the existence of Brillouin-scattering, i.e. scattering from
longitudinal density waves. Brillouin-scattering causes two additional maxima in the spectrum of
the backscattered light at vo_g—;f, where v is the velocity of sound in the scattering medium. A
complete theory of Brillouin-scattering in air has not yet been presented, the model of Yip and
Nelkin (1964) is regarded as rather good approximation. Since Brillouin-scattering causes only a
minor modification of the Doppler-spectrum under standard atmospheric conditions, this can be
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accounted for to sufficiently good approximation by just increasing the width of the Doppler-
spectrum, bgp* = by * cg. For the US standard atmosphere we have cg = 1.2 at sea level, and cg =
1.1 at 10 km height. Hence, the correction factors are rather small.

B.1.2. Scattering by aerosol particles

Scattering of electromagnetic waves by particles having dimensions on the order of the wave-
length of the radiation has first been dealt with comprehensively by Mie (1908). This treatment
was restricted to spherical particles with complex index of refraction n*. Later this theory has
been extended, solutions in closed form are possible for scattering by ellipsoids with rotational
symmetry. For more complex shapes closed form solutions do not exist. So not all of actually
existing atmospheric aerosols can be described by this theory, e.g. crystalline particles like ice and
mineral dust. But for most of the atmospheric aerosols the Mie theory for spherical particles pro-
vides for a sufficiently good approximation, therefore acrosol scattering is often called Mie-scat-
tering.

For the calculation of the phase function p(®, @) and the scattering, absorption, and extinction
coefficients using the Mie theory it is necessary to provide the parameters 2%1 , where a is the par-
ticle radius, the complex index of refraction n*, and the particle size distribution N(a). Because
the general solution shows a pronounced oscillatory behaviour, the calculation even for a single
particle is rather time consuming. For this reason a number of approximations have been devel-
oped for certain ranges of the parameters. The details of these calculations shall not be presented

here, they are described in the standard literature, e.g. van de Hulst (1981).

The treatment of particles having a more complex shape than rotational ellipsoids is much more
difficult, since no closed form solutions are possible. For particles much larger than the wave-
length methods of geometrical optics can be applied, i.e. single rays are traced and the intensity
distribution of externally and internally reflected as well as for the internally reflected rays is cal-
culated. This method is called ray-tracing-technique. By adding the intensity of the scattered field,
at least for sufficiently simple crystal forms like hexagonal ice crystals a rather good approxima-
tive solution for the scattering properties including polarization can be calculated (Wendling et al.,
1979; Takano and Liou, 1989): Such calculations have now been extended to the treatment of
more complex shapes (Macke, 1993; Takano and Liou, 1995).

For actual calculations using the ray-tracing-technique the exact particle shape, it’s orientation
with respect to the incident radiation, and it’s complex index of refraction have to be provided.
Since this is not really feasible for most of atmospheric aerosols, all solutions will be approximate
only.

For the application of the DIAL technique most of the details of the scattering process are not
really important, since scattering is quite similar at the two wavelengths used. If the frequency of
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the incident wave remains unchanged, the results of DIAL measurements will not depend on the
details of the scattering processes, at least to first approximation.

B.1.3. Raman-scattering

Regarding inelastic scattering processes only Raman-scattering shall be treated briefly here.
Molecular scattering processes where the initial and final states of rotation or vibration are differ-
ent are called rotational and vibrational Raman-scattering, respectively. If the energy of the final
state is lower than that of the initial state, the rotational or vibrational energy is transferred to the
scattered radiation. This case is called Anti-Stokes-scattering. If the energy of the final state is
larger than that of the initial state, the extra energy is extracted from the incident radiation. This
process is called Stokes-scattering. Between the wavenumbers v of the Raman-transition we have
the relation

vV, = Vot vp (B.15)

The plus sign designates Anti-Stokes-scattering, the minus sign designates Stokes-scattering. For
the Raman-transition we have the selection rules

AJ = 0%2 Av = 0,1 (B.16)

where J is the rotational and v the vibrational quantum number.

The calculation of scattering cross sections for Raman-scattering is formally the same as for
Rayleigh-scattering. Molecular constants a,,, and Y, are replaced by corresponding constants ag
and Y, which describe the change in polarizability associated with the Raman-transition. The
wave vector k = 2 v is replaced by kg = 2 7 (v + vg), and an additional factor h/3 nlc VR 18
introduced. Hence we have

2 2
h 4 45ap +TYp
Br = —5—kpN- ———— (B.17)
8ncvy 45
2 2
h 8w ., 4dag+Ty
oy = Thr N —3 K (B.18)
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Due to the much larger anisotropy for Raman-scattering as compared to Rayleigh-scattering the
depolarization is generally much larger. Therefore the exact formulae should be used (Wandinger,

1994).

The shift in wavenumber due to vibrational Raman-scattering amounts to vg = 2331 ¢cm™! in nitro-
gen, Vg = 1556 cm™ in oxygen, and vg =3652 cm’! in water vapor. Obviously, these components
of Raman-scattering in air, which are those which can actually be detected, are clearly separated
in the spectrum and hence can easily be isolated. Because of the much smaller intensity of
Raman-scattering as compared to the elastic scattering (about three orders of magnitude), the lat-
ter has to be suppressed very well when precise measurements of the Raman-scattered intensities
are attempted.

Rotational Raman-scattering is caused by a change in polarizability due to a change of the rota-
tional state of a molecule. The selection rule for the transition is AJ = 0, +2, the resulting spectrum
consists of a series of equidistant lines to each side of the unshifted line, with the distance given
by Av = 4B (J + 3/2), with B a constant specific for each molecule. For N, we have B = 2.01
cm’, for 0, we have B = 1.45 cm™! (Herzberg, 1950). The intensity, in analogy to vibrational
Raman-scattering, is a function of the polarizability and the anisotropy, for the exact formulae the
reader is referred to Long (1977).

B.1.4. Other scattering processes

Another important atmospheric scattering process is fluorescence. This process can be viewed as
an absorption of light by a molecule, followed by a mostly radiation less internal transition, and
finally re-radiation at a different frequency. The lifetime for the intermediate state can be quite
long, therefore, the condition of instantaneous scattering is often not true. This fact has to be con-
sidered when calculating the scattered intensity as a function of time. Fluorescence is used in
some special lidar applications, e.g. for temperature measurements in the mesosphere, measure-
ments of OH-concentration, or measurements of oil spills on the sea surface. These applications
will not be treated in this paper. For the applications actually dealt with fluorescence is not impor-
tant, since it is generally small in the spectral regions under consideration, and because re-emis-
sion occurs at substantially different wavelengths than the excitation. Hence it can be easily
suppressed in the receiver optics,
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B.2. Absorption by gas molecules

For all lidar techniques described in this paper it is assumed, that gaseous absorption is governed
by an exponential law

P(R) = P(R,)- exp(—jj: o, (r) - dr) (B.19)

where o, is the absorption coefficient of the gas. P(R) is the intensity of light at range R, R is an
arbitrary starting range. The absorption coefficient is the product of the number density p,, and the
absorption cross section ¢

o, =p, O. (B.20)

Equation (B.19) holds if the intensity of light is sufficiently small so that the transition is not satu-
rated. In the lower atmosphere this condition is true up to very large intensities because of the fast
relaxation due to collisions.

B.2.1. Isolated absorption lines

The pressure and temperature dependence of isolated absorption lines of the rotational-vibrational
spectrum results from the corresponding dependence of the three governing factors number den-
sity, absorption line strength, and absorption line form:

OCg(V) = pn(p7T) ’ S(paT) : A(V’p’T) : (le)

For the number density we have the perfect gas law

__bp
p.(p.T) = 5T (B.22)

The absorption line strength is to good approximation given by:

S = SO(%O)lexp [—k%(% —%OII (B.23)

where S is the line strength for standard conditions, € the initial state energy of the transition
under consideration, and kg is Boltzmann’s constant. The exponent 1is 1 = 1 for diatomic mole-
cules, for water vapor it is 1 = 1.5. For other species the value of this constant can be found in
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spectroscopic data bases.

The absorption line form results from Doppler-broadening due to the thermal motion of the
absorbing molecules and from collision broadening. For most applications the resulting line form
is well approximated by the Voigt function

Ay = fy- Rw(Ey +iay) (B.24)
where
fy = by - JIn2/x, (B.25)
ay = b, by - Jn2, (B.26)
£, = (V=vy)- b - In2. (B.27)

Here Rw denotes the real part of the complex error function. The halfwidths by of Doppler-broad-
ening and b, of collision broadening are given by:

by = Vo a2 ky T 1n2/(M-c%) (B.28)
T "
_pl. P (0
b= & (T) . (B.29)

Here M is the mass of the absorbing molecule, ¢ the velocity of light, and bCO the halfwidth of col-
lision broadening at standard conditions. By a simplified theory the exponent m is calculated as
m = (.5 for linear molecules, but in practice it is different for different transitions and should be
taken from spectroscopic measurements. With respect to the water vapor and oxygen lines used in
this paper the reader is referred to Grossmann and Browell (1989) and to Ritter (1986) and Ritter
and Wilkerson (1987), respectively.

In addition to broadening by collisions a small shift of the line center occurs in dependence of
pressure (Eng et al., 1973; Eng et al., 1974; Bosenberg, 1985; Grossmann and Browell, 1989).

The constants needed for calculating this shift are also given in the literature cited above.

The Voigt line shape is the convolution of a Lorentz line shape representing the collision broaden-
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ing and a Gaussian line shape representing the Doppler broadening. In details, and in special
cases, deviations from this line shape have been detected. These are due to the details of the inter-
action between molecules during their collisions, refined models to account for this have been
presented by e.g. Rautian, Galatry, Sobelman and Berman. The differences of the resulting line
forms from the Voigt line shape is less than about 1072, so only in special cases this will have to be
considered. One such example is the measurement of temperature using the temperature depend-
ence of certain oxygen absorption lines, where the neglection of the actual line shape ca lead to an
error of about 1K (Theopold, 1990).

B.2.2. Broad absorption bands

Broad absorption bands like the Hartley-Huggins absorption band of ozone in the UV are gener-
ated by overlapping of a large number of individual lines. For the temperature dependence of the
absorption coefficient there is no simple formula, for actual applications, the results of spectro-
scopic measurements should be used (Molina and Molina, 1986; Malicet et al., 1995). In many
spectral regions the change with temperature is rather small, due to the blending of lines having
different temperature dependence. The pressure dependence of the absorption coefficient in such
bands is always small, since it is a average over several lines, and the total line strength is not
pressure dependent.
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B.3. The lidar equation

B.3.1. The general lidar equation

The lidar equation describes the power received from a scattering volume of distance R as a func-
tion of system constants and atmospheric parameters. Mostly it is given in the following form
(Collis and Russell, 1976):

R
—ZJ’(x(v,r)dr
POVR) = P,k An(yR)-BOV.R)-¢ ° (B.30)
b - /i 2 Rzn i3 ? (4 .

where we have
P(v,R) the power of the signal received from distance R

\% the wavenumber of the transmitted light

R the distance from transmitter/receiver to the scattering volume
PL the transmitted power

c the velocity of light

TL the transmitted pulse duration

A the active area of the receiving telescope

n, R) the total system efficiency

B(v,R) the total backscatter coefficient at distance R

o(v,R) the total atmospheric extinction coefficient, including molecular absorption, Mie- and
Rayleigh-scattering.

Equation (B.30) is valid only under a number of conditions:

the scattering is incoherent

only single scattering contributes significantly to the received signal

the time constant of the scattering process is small compared to the laser pulse length
the laser radiation is monochromatic

the wavelength remains unchanged under the scattering process.

AT e

While conditions 1 to 3 are generally no serious restrictions for atmospheric studies, the condi-
tions 4 and 5 are not always easy to meet. An extension of Eq. (B.30) is therefore absolutely nec-
essary, this will be treated in the following. But before that will be done, some remarks regarding
conditions 1 to 3.

Incoherent scattering For typical lidar applications this condition is practically always
met, unless a special system design assures at least partially coherent detection. As already men-
tioned in section B. 1, coherent lidar techniques shall not be treated here.
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Single scattering It is not always easy to find good reasons to neglect multiple scatter-
ing in lidar applications, since a closed form solution for this problem which is generally applica-
ble has not yet been presented. Speaking qualitatively, it can be stated that contribution of
multiple scattering to the received signal increases with the density of the scattering medium, with
increasing beam divergence and receiver field of view, and with distance between receiver and
scattering volume. For typical lidar geometries with small beam divergence and a receiver field of
view of about 1 mrad it is small angle scattering which contributes most to multiple scattering.
Under these conditions a full treatment of the actual ray traces is not always required. In particular
for DIAL applications the multiple scattering affects both wavelengths in the same way and hence
cancel at least to good approximation. But in clouds, or for unusual geometry like satellite appli-
cations, a full treatment of multiple scattering has to be performed. An overview over analytical
and numerical methods was presented by Bissonnette et al. (1995) and in the individual articles of
the groups involved in the intercomparison exercise described in that paper.

Instantaneous scattering  For the scattering processes described in B.1 the condition of instan-
taneous, unretarded scattering is always met. The time constants associated with Rayleigh-, Mie-,
and Raman-scattering are much smaller than the pulse lengths of the lasers used for lidar meas-
urements. Only in the case of fluorescence longer life times may occur. If this happens, the delay
in the scattering has to be accounted for, leading to a different lidar equation. Again this case shall
not be treated here.

Finite width of the transmitted spectrum The condition of monochromatic laser emission
is never true in a strict sense. But Eq. (B.30) is easily generalized including arbitrary spectral dis-
tribution (Mégie, 1980). Let the spectral distribution of the transmitted radiation be given by 1(v)
for v e A v, which is the wavenumber interval where 1(v) does not vanish. Also let the distribution

be normalized, J' [(v)av = 1. Then the generalized lidar equation is obtained by multiplying the
Av

monochromatic term with the spectral density and integrating over the interval Av
Py 2
P(R) = = [1(v)-n(V.R) - B(V.R) - T(v,R) dv (B.31)
R™Av

using the abbreviations

R

—|o(v,r)d
C- TL ‘ A J’ il
Py =P, — T(V,R) = ¢ ° : (B.32)
Change of the spectral distribution by scattering It also has to be considered that the

spectral distribution may be changed by the scattering process, e.g. by inelastic scattering or Dop-
pler-broadening. For monochromatic excitation at wavenumber Vv’ the backscattered power at
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wavenumber V is given by

P
P(V,R) = =5 - M(V,R) - T(V,R) - B(V'\R) - h(v =V R) - R(V,R) (B.33)
R

Here the term B(v’, R) * h(v - v’, R) describes the scattering process. B(v’, R) is the total backscat-
ter coefficient for excitation at wavenumber v’, h(v - v’, R) is the normalized spectral distribution
after scattering. The total backscattered power is obtained by integrating over the spectral distri-
bution after scattering. If the incident radiation is not monochromatic, additionally an integration
over the transmitted spectral distribution has to be performed. Hence the most general lidar equa-
tion for the case of incoherent, instantaneous single scattering reads:

P
P(R) = R—‘Z’- j '[l(v')vn(v,R)-T(v',R)-B(v',R)-h(v—v‘,R)-T(v,R)dvdv' (B.34)
AV'Av

This generalized lidar equation should be used whenever isolated narrow absorption lines like
rotational and/or vibrational transitions in molecules are involved, or if inelastic scattering con-
tributes significantly to the received signal. Eq. (B.34) has a rather simple formal appearance, but
the double integration may require considerable efforts. Under realistic experimental conditions,
however, some of the terms under the integrals are constant to a good approximation, and hence
can be written just as factors. This makes the integration much easier to perform. Such approxi-
mate solutions which are of great practical importance will be derived and treated in some detail
in the following.

B.3.2. Approximative lidar equations

Eq. (B.34) is considerably simplified when the laser line width is so small, that B(v) can be
assumed as constant for all wavenumbers which have to be considered. This can be reached for
practically all actual lidar applications. Probably the most critical case is that of Rayleigh-scatter-
ing in the UV, where the V4-dependence of the scattering cross-section causes e.g. a 1% change
over the interval of Av =~ 100 cm™!, the natural line width of the KrF-laser. Generally this can be
neglected, and if for special investigations this change appears to be critical, special lasers having
much narrower line width are easily available.

Resonance scattering, however, showing narrow peaks in the spectral distribution of the backscat-
tered radiation, e.g. resonance scattering from the mesospheric sodium layer, need the more gen-
eral treatment and have to be excluded in this approximation.

The total extinction coefficient o is given by the sum of the extinction coefficients due to gaseous
absorption o, (see section B.2), to particle scattering o, (section B.1.2) and molecular scattering
Oy (section B.1.1), o = oty + 0t + Oty
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Of these contributions only that from gaseous absorption has to be considered as strongly wave-
length dependent, we have o, = const and o, =~ const for v e A v for all lasers which are used for
lidar work. Introducing the abbreviations

R
T (R) = exp(-j(ocp(r) % am(r))er

0
R
Tg(V,R) = exp(—fag(v,r)drj
0
we have

P
P(R) = 1?(2)-[3(R)-TZ(R)- [ [aevy nv.R) - T, (v.R) - h(v=V) - T (V,R)dvay
B (B.35)

This equation becomes more transparent when the spectral distribution modified by transmission,
g(v, R), is introduced
j (V)T (V.R) - h(v = V")V’
g(V,R) = & (B.36)
j (V)T (V' R)dv'
AV
as well as abbreviations for the effective transmission factors for upward and downward propaga-

tion

T (R) = J'l(v')Tg(v',R)dv’
AV'

TyR) = [g(V,R)T,(V.R)av .
Av

Without losing generality it can also be assumed that the system efficiency n(v, R) is constant
N(v, R) = n(v;, R) for the interval where the backscattered signal is nonvanishing, where vy is the
center frequency of the backscattered spectrum. Then we have

P
P(R) = R—;’ N(VHR) - BR) - TA(R) - T, (R) - T4(R) (B.37)

So the backscattered power can be described formally as the product of seven terms with direct
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physical meaning: the system constant Py, the factor 1/R? because the scattered waves are spheri-
cal, the total system efficiency n(v,, R), the backscatter coefficient B(R), the transmission factor
for wavelength independent contribution Ta2(R), the transmission factor T, (R) for upward propa-
gation, and the transmission for downward propagation Ty4(R) for the strongly wavelength
dependent contributions. The last two terms are effective transmissions, they are calculated as
integrals over the respective spectral distribution.

A particularly useful formulation of the lidar equation is obtained by forming the logarithmic
derivative of eq. (B.37):

d 2 _d d 14T, 1 4T,
£ mPR) R = & £ - _ = _®a.c " L B.
p InP(R) R denT]+denB 20, Zocm+Tu TR +Td IR (B.38)

A physical interpretation for the last two terms of eq. (B.38) is obtained by introducing

1 dT

w1 4
dR T, dR

j I(V) - T,(V.R)aV'
U AV'
j a(V.R) - 1(V) - T (V' ,R)dV'
= AV (B.39)
Jl(v')-Tg(v',R)dv‘
AV'

= _au,e f(R)

Here oy, o (R) 18 introduced formally as an effective extinction coefficient for upward propaga-
tion, where

I(v') - T,(V',R)

J1v) - T (v.R)
AV'

v =

is the normalized spectral distribution for upward propagation at distance R. Here the original
spectral distribution of the laser emission, 1(v), is modified by the different transmission at the
respective wavenumbers.

The term

14T,
T, dR
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for downward propagation can be treated correspondingly, but it has to be considered that the
spectral distribution of the backscattered light is height dependent, too. We have

1dT, 1 dg(v,R) )
NG’ ST . . 2T R
FaR T Aj( RR) Ty(v.R) + BB (v ) Jav
(B.40)
dg(V,R)
Aj T Ty(v.R)Av
= —Otd’ (R)+ 2
< [sv) T, (v.R)av
Av
with the effective extinction coefficient for downward propagation.
j a(V,R) - g(v) - T,(V,R)dv
Oy o (R) =2 (B.41)
J‘g(v)~Tg(v,R)dv
Av
Introducing
dg(V,R)
j o Te(VR)aY
[G]=4Y (B.42)
_[g(v,R) . T,(V,R)dv
Av
the lidar equation in differential forms reads
Ay R = Lian+ Lnp 20 200 0, -a,.+[G] (B.43)
dR TR TARP T 0 T Cuer ~ Yy '

Hence the logarithmic derivative of the range corrected signal is given by the logarithmic deriva-
tive of the system efficiency, the logarithmic derivative of the backscatter coefficient, the extinc-
tion coefficients due to molecular and particular scattering, the effective absorption coefficients
for upward and downward propagation, and a correction term [G], which depends on the gradient
of the spectral distribution of the backscattered signal and on the transmission up to the scattering
volume, R.

Three special cases of general importance shall be treated in some more detail. If the halfwidths
of the laser line, the backscattered lines, and the absorption lines of a gas under study are given by
Avp, Avg, and Avg, respectively, we have to distinguish the cases:
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1. Avp and Avg « Av,, vg = v (broad absorption line, elastic scattering)
2. Avp and Avg « Avg, vg # vi (Raman-scattering)
3. Avp= Avg and/or Avg = Avg, Vg = vy (narrow absorption line, quasi-elastic scattering)

B.3.2.1. Lidar equation for broad absorption lines

In the case of a broad absorption line and elastic scattering the spectral distributions of the trans-
mitted and the backscattered light do not have to be taken into account explicitly. Eq. (B.37) is
reduced to the standard lidar equation (B.30), and eq. (B.43) is reduced to:

a%ln(P RY) = 1n(T])+ 1n[3 2, - 201, - 20, (B.44)

B.3.2.2. Lidar equation for Raman-scattering

In the case of Raman-scattering it is assumed, that the spectral distributions before and after scat-
tering do not overlap, i.e. 1(v) « g(v) = 0, and that 0,y (v) = const. for v = v and for v = vg (v and
Vg are the line centers of the transmitted and the inelastically scattered radiation, respectively).
Then we have

P(R) = %()BRU%) TX(R) - T,(R) - Ty(R) (B.45)

where PBg is the Raman-backscatter coefficient, and the transmission factors are given by

R

—Jocg(vL,r)dr
T,R)=¢"

R

Jag(vs,r)dr
TAR)=¢"

To account for the different extinction by molecular and particular scattering at vi and vy, the
term 2(0Lp + 0iy) in the definition of T, has to be replaced by o (v) + ocp(vs) + 0y (VL )+ ocp(vs).

We then have the Raman-lidar equation
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7] 2 d d
ﬁln(P-R ) = d_Rlnn(Vs)+c_z'I_21nBR

(B.46)

=0, (V) =0, (Vo) — o, (V) — o, (V) — 0L, (V) — o, (V)

This equation clearly shows the advantage of Raman-lidar-techniques when scattering by a gas of
well known concentration is used, e.g. nitrogen or oxygen: Since (;iRlnBR is known with rather
good precision, and because ,%ghm("s) = 0 can be attained through proper system design at least
for some extended measurement range, the total extinction coefficient can easily be determined
from a single measurement, but as an average over the values at wavenumber v, and v. This has
been used to determine aerosol extinction coefficients (Ansmann et al., 1992b). Unfortunately, the
backscatter cross section for Raman-scattering is very small, so that even for high power lasers the
backscattered signals remain very weak.,

B.3.2.3.  Lidar equation for narrow absorption lines, including effects due to Doppler-
broadening of molecular scattering

When narrow absorption lines like rotational-vibrational transitions of water vapor or oxygen in
the infrared spectral region are used for humidity or temperature measurements, it has to be taken
into account that generally two scattering mechanisms having different spectral distributions con-
tribute to the lidar signal. While particle scattering leaves the incident spectrum unchanged to
good approximation, for molecular scattering the Doppler-broadening has to be accounted for.
The contribution of vibrational and rotational Raman-scattering, which is also present, is usually
suppressed in the receiving optics by suitable filters.

In order to treat this case in more detail let us introduce

L P = ﬁ”— (B.47)

K=K, =B " B,+h,

the inverse of the widely used scattering ratio K (Measures, 1984). Then the spectral distribution
of the backscattered radiation is given by

g(V,R) = (1-S8g)- I(V)+Sg- h(V.R)

where h(v, R) is the spectral distribution of Doppler-broadened Rayleigh-scattering according to
eq. (B.13) from section B.1.

For this case the correction term
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48VR) 1 (v,R)av
[G] = AJV o

Ig(v,R) : Tg(v,R)dv
Av

in eq. (B.43) can be estimated as follows. We have:

dSg d
| ((h(v,R) —IV) e + SKziﬁh(v,R)) LT, (V.R)dv

[G] = —*&
Sk [ ROV.R) - To(v,RYAV + (1=Sg) - [1(V) - Ty(v,R)av
Av Av

The term [G] can be split up according to

dSy
[G1=[G11+[G2]=[E1]- — + [E2] - Sk

The sensitivity factors [E1] and [E2] evaluate to

[ BOV.R) - Ty (v.RYAY = [ 1(v) - T,(v.R)aY
Av

[E1] = Av
Sk Jh(v,R)-Tg(v,R)dv+(1—SK)- jl(v)-Tg(v,R)dv
Av Av
dg(V,R)
JTh(v,R) T, (V,R)dv
[E2] — Av
Sk [ hOV.R) - Ty(v,R)QV + (1=Sg) - [ 1(v) - T ,(v,R)dv
Av Av

(B.48)

(B.49)

(B.50)

(B.51)

Hence the correction term accounting for the change in spectral distribution due to Doppler-
broadening Rayleigh-scattering consists of two contributions. [G1] is proportional to the gradient
of the inverse scattering ratio, [G2] is proportional to the gradient of the spectral distribution of
Rayleigh-scattering and to the inverse scattering ratio itself. The first term becomes important in

regions of spatially inhomogeneous aerosol distribution, e.g. at the top of the planetary boundary
layer. Since the spectral distribution changes only slowly with height the second term mostly is
small. Only if the optical depth up to the measurement range is really large this term can become
important, too. A precise calculation of the full correction term is possible only if the profile
Sk(R) is known. The ,,Rayleigh-Doppler-correction, given by term [G], is important for meas-
urements of humidity and temperature using the DIAL technique. Therefore, this technique shall

be explained first, before having a closer look at [G] again.
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B.4. DIAL-equations

The Differential Absorption and Scattering lidar technique, called either DAS-lidar or, mostly,
DIAL, is based on two lidar measurements at different wavenumbers. The parameter determined
directly with this technique is a differential absorption coefficient. From this either a gas density
can be calculated if the differential absorption cross section is known, or, if the gas density is
known, the differential absorption cross section is retrieved, which can be a measure of e.g. tem-
perature or pressure.

B.4.1. General DIAL equation

By combining two lidar equations, denoted by indices 1 and 2 for the wavenumber v, and v,, the
DIAL equation is obtained. We have

d . P{(R) 1 d 1 d
de PE(R) P—ld—R I‘P_zd_PPZ (B.52)

In the most general case the backscatter signals are given by equation (B.34), but in most cases
simpler approximations can be used.

B.4.1.1. DIAL equation for broad absorption lines

For the case that the lidar equation (B.30) can be applied, this is the case where the line widths of
the transmitted and backscattered spectra are negligible compared wo the width of the absorption
line, we have

1( ) d Th d Bl
de PZ(R) = 2Ax de n dRI Bz (B.53)

with Aot = o) - 0.

By proper system design it can generally be achieved that the system efficiency is independent of
range or at least shows the same range dependence for bothe wavenumbers, hence dilnTL = 0.

Deviations from this assumption shall not be treated here. Splitting the extinction coefﬁcwnt
according to 0L = Oty + Oy + Oy, We have

d 1() d. B
de PQ(R) —2A0 —2AOL -2Aa,, +dR1 B2 (B.54)

In case that several gases absorb at either vy or v, the differential absorption Adiy 1s the sum of all
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contributions Ao, ;. Then equation (B.54) is the most general DIAL equation for broad poorly
structured absorption bands like the Hartley-Huggins-band of ozone in the ultraviolet.

If in addition we have v, = v,, so that we can assume Aoy, = 0, Aoy, ~ 0, and dd—Rln% ~0, we obtain
the ,,standard* DIAL equation ’

d . Py(R)
= = — B.
dean(R) 2A0, (B.55)

So in simple cases the determination of the differential absorption coefficient directly yields the
density of a trace gas. From this the importance of the DIAL equation becomes evident,

B.4.1.2. DIAL equation for narrow absorption lines

In the case of narrow absorption lines where the spectral distributions of both the transmitted laser
pulse and the backscattered light have to be considered, the lidar equation (B.43) has to be
applied. Under these conditions generally a reference wavenumber can be chosen which is not
located on an absorption line. For such reference measurement the influence of the laser and the
backscattered line widths can be neglected, i.e.

R
T,2(V.R) = Ty,(V,R) = exp(—jaz(r)er
0

In addition under these conditions the reference wavenumber may be chosen sufficiently close to
the online wavenumber such that 3; = 3,, O 1 = Oy 9, and Oy 1 = Oy 0. We then have

J‘ dg(V.R) T (v,R)dv
ilnw = O, = Oy e+ 200, (R) +4Y iR i (B.56)
R Fy(R) welf el [s.R) T (v.R)av ‘

Av

This DIAL equation differs from the ,,standard” DIAL equation (B.55) in that the absorption coef-
ficient o, is replaced by the sum of the effective absorption coefficients for up- and downward
propagation, and that a correction term has to be included, namely the term [G] from the appropri-
ate lidar equation (B.43). This term accounts for the change in spectral distribution caused by the
scattering process. When the DIAL technique is applied to gases with narrow absorption lines the
change in spectral distribution caused by scattering is mainly due to Doppler-broadening of the
Rayleigh-scattered part. For this case the term [G] had already been calculated explicitly in sec-
tion B. 3.2.3.
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B.5. Importance of spectral distributions for measurements of water vapor and tem-
perature

In this work three areas of application of the DIAL technique will be treated in detail: measure-
ments of tropospheric ozone using the ultraviolet spectral region, water vapor retrievals using
absorption lines in the near infrared, and temperature measurements using temperature dependent
oxygen-lines, also in the near infrared. While the ozone measurements are performed in a broad
absorption band, both water vapor and temperature measurements make use of narrow isolated
lines of the rotational-vibrational spectrum, where all details of the spectral distributions have to
be considered. Since the integrals in equation (B.56) are kind of involved some examples will be
given to demonstrate the importance of including the details of the spectral distribution in the
analysis. In particular it shall be demonstrated

- under which conditions the finite laser line width has to be considered,

- under which conditions the Doppler-broadening of the Rayleigh-scattered part has to be
considered,

- under which conditions the change of spectral distribution with range due to stronger
absorption in the line center as compared to the line wings has to be considered,

- how large the sensitivity is with respect to gradients in the spatial distribution of aerosols
(factor [E1] in the correction term [G]),

- how large the sensitivity is with respect to gradients in the spectral distribution of the
Rayleigh-scattering (factor [E2] in the correction term [G]).

For all these studies the width of the absorption line is most important, Figure B.1 shows the
halfwidths (HWHM) of a typical water vapor and oxygen absorption line (according to equations
(B.25) and (B.29)) as well as the width of the Rayleigh-line (according to equation (B.14)), as a
function of altitude, assuming the US-standard-atmosphere.

At the ground the width of the water vapor line is about three times that of the Rayleigh-line, in
the upper troposphere they have about the same width. For oxygen both lines have about the same
widths over the complete height range, with the absorption line being narrower than the Rayleigh-
line almost everywhere.
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Figure B.1:  Line widths of Rayleigh-scattering, the oxygen absorption line P P77 and the

water vapor absorption line at vy =13718.58 cm™.

The question, under which conditions the finite spectral width of the laser has to be considered, is
addressed in Figure B.2. It shows the ratio of the absorption cross section in the line center and the
effective absorption cross section as a function of the fractional laser line width compared to the
absorption line width. If 5% accuracy is considered sufficient the laser line width can be neglected
iF it is less than 0.25 of the absorption line width, 2% accuracy are reached for by /b, = 0.15.
Hence for water vapor measurements a line width by < 0.01 em’! s required, for temperature
measurements using oxygen lines we have by < 0.003 em’l Tt requires considerable effort to
achieve such narrow line widths for high power pulsed lasers (Wulfmeyer, 1995). In any case for
the Rayleigh scattered part its spectral distribution has to be accounted for and an effective
absorption coefficient has to be calculated. Figure B.3 addresses the question, under which condi-
tions it has to be considered that the transmitted spectrum is changed due to stronger absorption in
the line center as compared to the wings. It shows the ratio of the effective absorption cross sec-
tion including this absorption effect to that one where this is neglected. This ratio is a function of
optical depth, and of the relative line widths. An accuracy of better than 2% up to as optical depth
of T =2 is reached when the laser line is smaller than 0.3 of the absorption line width. Again, for
the Rayleigh-scattered part this effect always has to be accounted for.
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Figure B.2:  Effective absorption cross section o.g/0(vg) as a function of the ratio between
laser and absorption line widths by /b,.
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B.5.1. Estimate of the Rayleigh-Doppler-correction

The two terms of the correction term [G] = [G1] + [G2] can only be calculated if the inverse scat-
tering ratio Sg and its gradient dSg/dR are known. In addition the spectral distributions of the
laser and the Rayleigh-scattering have to be known, as well as the vertical distribution of the
absorbing gas, e.g. water vapor or oxygen, below the scattering volume. To come to a kind of gen-
eral estimate under which conditions the Rayleigh-Doppler-correction is important, in the follow-
ing the sensitivity factors [E1] with respect to dSg/dR and [E2] with respect to Sg will be
estimated. This will be performed for atmospheric conditions corresponding to the US-standard
atmosphere, and for a simple water vapor distribution. In the experimental part of this work a sta-
tistical distribution of dSg/dR derived from a large number of lidar measurements in different
regions of the atmosphere will be presented. This can then be used to estimate the probability of
exceeding certain error limits.

Since the spectral distribution of the backscattered light is always broader than that of the incident
light, for the denominators of the terms [E1] and [E2] of equation (B.51) we have

Sk [ BOVR) T, (vR)Av + (1=Sg) - [1(v) - T,(v,R)dvZ [ h(V,R)- T ,(v,R)dv

Av Av Av
(B.57)
Sk [ hOV.R) - T (v.RYAV +(1-8) - [1(v)- T (v,R)av < [1(v)- T (v.R)dv
Av Av Av
if the laser is tuned to the absorption maximum. From (B.57) if follows that
jh(v) - T,(V.R)dv jl(v) T, (V.R)dv
av ~1|<[E1]<|1--2&Y (B.58)
j I(v) - T (v.R)dv jh(v,R) LT ,(V,R)dv
Av Av
4 L(vR)-T (v.R)dv 4 p(v.R) - T,(V,R)dv
dR 9 g b dR > g 9
8y <[E2] <& (B.59)
J1v.R) - Ty(v,R)dv [ R(V.R)- T (v.R)dv
Av Av

The upper limit in equation (B.58) will be reached for large values of Sk, when molecular scatter-
ing dominates, the lower limit of (B.59) is approached for dominating particle scattering.

The upper and lower limits of the sensitivity factors have been estimated according to (B.58) and
(B.59) for four examples. For all of them the US standard atmosphere has been assumed (USSA,
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1976), and a water vapor vertical distribution according to pg,o(h) = pg * exp(- h/ag, o), where p
=6gem 3 and ag,o = 2200 m. Two different absorption lines for both water vapor and oxygen
have been chosen, corresponding to measurements optimized for boundary layer studies and the
upper troposphere, respectively.

From Figures B.4 and B.5 it is evident that [E1] increases with height up to values around 0.1 to
0.2 within the usable measurement range. To achieve an accuracy of better than 10% for the
absorption coefficient, which is about 10 to 10~ m™!, we have to know dSg/dR to an accuracy of
103 to 10* m™. Particularly for measurements with high resolution and in regions with small
water vapor absorption this may be difficult to achieve.
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Figure B.4:  Sensitivity [E1], calculated for the water vapor line at 13718.