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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 profilesTherefore 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—S, 1988]. The main
reasons for the importance of the atmospheric water cycle are:

0 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.

0 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.

0 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-S, 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 afac-
tor of2 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 Megie (1980), Cahen and Megie (1981), Zuev at al. (1983a), Ans—
mann (1985), Bösenberg (1985), Ansmann and Bösenberg (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; Zuev 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 COZ—lasers at 10 um, 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?
0 How much ozone is produced in the troposphere?
- How much of the ozone production is caused by anthropogenic precursor gases?
0 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.l. Scattering Processes

In the wavelength range of about 0.25 - 10 pm, 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 6 and (D can be treated to good approximation as a spherical
wave. The intensity of the scattered light at distances R is then given by

1[(9912) = 10-p(@,c1>)-Cmt 1:2 . (B.1)

Here 9 is the angle between 7:0 and I; in the scattering plane, which is defined by the wave vec-
tors of the incident and scattered waves, 7co and 11;, respectively. (I) is the azimuthal angle in the
plane perpendicular to 7m. p(®,<I>) is called phase function, and it describes the angular distribution
of the scattered intensity. The azimuthal angle (I) is important only if the scattering particle does
not have spherical symmetry. Csca 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
Cabs, and with these the extinction cross section Cext 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:

0c=N-Cext

or =N-CSCfl SCG (B-Z)

OLabs = 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. (B2) can be written as

amax

a = j N(a)-Cext(a)da (B.3)
amm

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 c. 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 ß, 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 G = 7r,



ß = pot) - am (B4)

Further the so-called lidar ratio is introduced as

SL = (13.5)UN
S?

where 0c 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 ”m + 7T»:ßm = k -N —45— (B.6)

2 287: 4 45a +77am: g -N—m4Tfl-Kö (B.7)

respectively. Here the polarizability am2 and the anisotropy ymz are molecular constants of the gas.
K5 takes into account the depolarization of the scattered radiation for anisotropic molecules, we
have

_ 45a?” + 107i (B 8)

Hence the lidar ratio for Rayleigh scattering is

8,: 45a?” + 107,2”
L, (B.9)

m 3 45a?” + 77,2”
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For nitrogen and oxygen and hence for air the anisotropy is small, approximately we have

45:12 + 10132,; 2
m YIN

2 2 '
45am + 77m

l +
1511:J

(13.10)

and hence

2 .

.5'„„‚„ x 8%[1 + ME] (B.11)
‘ 15am

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 vm)

_ 3 _ (13.12)

For monochromatic incident radiation at wavenumber v0 the Rayleigh-backscatter has the spec—
tral distribution described by

1 —(v — v0)2/2b,§
e (B.13)

with the halfwidth (HWHM) given by

2V0 2kBTln2 1/2
R = TiT] (314)L

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

This distribution is slightly modified by the existence of Brillouin—scattering, i.e. scattering from
longitudinal densi waves. Brillmlin—scattering causes two additional maxima in the spectrum of
the backscattered light :11 11,9271)”, where V8 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, bR* = bR . CB- For the US standard atmosphere we have cB z 1.2 at sea level, and CB z
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 aerosol scattering is often called Mic-scat-
termg.

For the calculation of the phase function p(®‚ (D) and the scattering, absorption, and extinction
coefficients using the Mie theory it is necessary to provide the parameters 2%C 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 vS of the Raman-transition we have
the relation

v = voivR (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‚i1 (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 am and 7m are replaced by corresponding constants aR
and 'yR, which describe the change in polarizability associated with the Raman-transition. The
wave vector k : 2 7W is replaced by kR = 2 n (v0 i VR), and an additional factor h/8 7:2 c vR is
introduced. Hence we have

BR = —'—kR-N — (B.17)45

(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 VR = 2331 cm'1 in nitro-
gen, VR = 1556 cm'1 in oxygen, and vR =3652 cm'1 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 A] = 0, i2, 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 N2 we have B = 2.01
cm'l, for 02 we have B = 1.45 cm'1 (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(R0)- ep: ocgm- dr) (B.19)
where ocg is the absorption coefficient of the gas. P(R) is the intensity of light at range R, R0 is an
arbitrary starting range. The absorption coefficient is the product of the number density pn and the
absorption cross section c5

org = pn- <5. (13-20)

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(p,T) ' S(paT) ' A(V’p’T) - (B21)

For the number density we have the perfect gas law

_ pp„(p‚T) — [CRT . (B22)

The absorption line strength is to good approximation given by:

S = So(ä)16xp[—kiß(% —%0):| (13.23)

where So is the line strength for standard conditions, 8 the initial state energy of the transition
under consideration, and kB is Boltzmann’s constant. The exponent l is l = l for diatomic mole-
cules, for water vapor it is l = 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

AV = fV - <3a + iav) (B.24)

where

fV = 19;? A/a/n, (1325)

aV = bC-b;1~ ./1n2, (B.26)

iv = (V —V0) -b;1 . Jg; (B.27)

Here 9iw denotes the real part of the complex error function. The halfwidths bd of Doppler—broad-
ening and bc of collision broadening are given by:

bd = v0. ‚/2 - kB - T- 1n2/(M- c2) (B28)

T m

be = b2 - pflo . (fl . (B29)

Here M is the mass of the absorbing molecule, 0 the velocity of light, and be0 the halfwidth of col-
lision broadening at standard conditions. By a simplified theory the exponent m is calculated as
m = 0.5 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 102, 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

—2J’0t(v,r)dr

P(vR)—P£L£ (vR)-[3(vR)- ° (B30)a _' L 2 R211 7 7 e *

where we have
P(V, R) the power of the signal received from distance R
V the wavenumber of the transmitted light
R the distance from transmitter/receiver to the scattering volume
PL the transmitted power
0 the velocity of light
12L the transmitted pulse duration
A the active area of the receiving telescope
n(v, R) the total system efficiency
ß(v‚ R) the total backscatter coefficient at distance R
0L(V, R) the total atmospheric extinction coefficient, including molecular absorption, Mie- and

Rayleigh-scattering.

Equation (B30) 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.‚U

‘H
Ä

P
’N

?

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. (B30) 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.l 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. (B30) is easily generalized including arbitrary spectral dis-
tribution (Mégie, 1980). Let the spectral distribution of the transmitted radiation be given by l(v)
for v e A v, which is the wavenumber interval where 1(v) does not vanish. Also let the distribution
be normalized, J‘ l(v)dv = 1 . Then the generalized lidar equation is obtained by multiplying the

AV

monochromatic term with the spectral density and integrating over the interval Av

P0 2HR) = —,jl<v>-n<v,R>-B<V.R> _ T(v‚R) dv (13.31)
R Av

using the abbreviations

R
--J(X(V‚r)dr

C'TL'A T(V R) _ 0

—— , — e . (B32)P z P ~0 L 2

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 V’ the backscattered power at
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wavenumber V is given by

PP<v‚R> = —‘,3 - n<v,R> - T<v'‚R) - ß(v'‚R) . h<v —v'‚R) - R<v‚R> (B33)
R

Here the term [3(v’, R) - h(v - v’, R) describes the scattering process. ß(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:

PP(R) = R—g- j Jl(v')vn(v,R)-T(v',R)-B(v',R)-h(v—v‘,R)-T(v,R)dvdv' (13.34)
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. (B34) has a rather simple fomial 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. (B34) is considerably simplified when the laser line width is so small, that ß(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 z 100 cm'1‚ 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 0c is given by the sum of the extinction coefficients due to gaseous
absorption 0tg (see section B2), to particle scattering up (section B.1.2) and molecular scattering
am (section B.1.1), 0c = ocg + ocp + am.
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Of these contributions only that from gaseous absorption has to be considered as strongly wave—
length dependent, we have 0Lp z const and am z const for v e A v for all lasers which are used for
lidar work. Introducing the abbreviations

R

Ta(R) = exp[—j(ocp(r) + am(r))dr)
0

R

Tg(V,R) = exp(—J-0Lg(v,r)dr]
0

we have

PP(R) = flaw-Tia)- j I(l(v')-n(v,R)-Tg(v,R)-h(v—v')-Tg(v',R)dvdv'
M A“ (13.35)

This equation becomes more transparent when the spectral distribution modified by transmission,
g(v, R), is introduced

J(l(v')Tg(v'‚R) - h(v — v')dv‘
mm = M (B.36)

J(l(v')Tg(v'‚R)dv'
Av

as well as abbreviations for the effective transmission factors for upward and downward propaga-
tion

Tu(R) = Jl(v')Tg(v',R)dv'
Av‘

Td(R) = jg(v,R)Tg(v,R)dv .
Av

Without losing generality it can also be assumed that the system efficiency 11(V, R) is constant
n(v, R) = n(vs, R) for the interval where the backscattered signal is nonvanishing, where vS is the
center frequency of the backscattered spectrum. Then we have

P

P<R> = R—g - n(vs,R)- ß<R> - Tim) . T„<R> . TAR) (13.37)

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 Po, the factor l/R2 because the scattered waves are spheri-
cal, the total system efficiency n(vs, R), the backscatter coefficient [3(R), the transmission factor
for wavelength independent contribution Ta2(R), the transmission factor Tu(R) for upward propa-
gation, and the transmission for downward propagation Td(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. (B37):

d 2 d d 1 d7“ 1 did_ p . = __ _ _ _ _ _ _ __ B.d In (R) R dnn+dnß Zap 20cm+Tu dR +Td dR ( 38)

A physical interpretation for the last two terms of eq. (B38) is obtained by introducing

1dTuii
dR —TudR j l(v') . Tg(v',R)dv'

u AV.

ja(v',R) . l(v') - Tg(v',R)dv'
= AV' (13.39)

Jl(v‘)-Tg(v',R)dv'
Av'

E —a'u’e f(R)

Here au, eff (R) is introduced formally as an effective extinction coefficient for upward propaga-
tion, where

l(V') - Tg(v',R)

j l(v') - Tg(v',R)
Av‘

1*(V') =

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

The term

1 d
ECTR
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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

1 d 1 dg(v R) j_ _ 2 _. _ . ’ «T RTd dR Td A“ g(v,R) Tg(v,R)+ dR g(v, )dv

(B .40)

dgh’fi)j dR -Tg(v,R)dv
= — ad‚eff(R) +Av—

jgm - Tg(v,R)dv
Av

with the effective extinction coefficient for downward propagation.

joc(v‚R) - g(v) - Tg(v,R)dv
0c 6 uns“ (13.41)

d’ff Ig(v)~Tg(v,R)dv
Av

Introducing

dg(v,R)J-d—R ' Tg(V,R)dV

[G]EM— (3.42)
jg(v,R) - Tg(v,R)dv

Av

the lidar equation in differential forms reads

d 2 d d .älmP-R ) = älnn+d—Rlnß—Zocp—Zocm—ocußff—ocdyeff+[G] (B.43)

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
AvL, Avs, and Avg, respectively, we have to distinguish the cases:
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1. AVL and AvS « Avg, VS = VL (broad absorption line, elastic scattering)
2. AvL and Avs << Avg, vS ab VL (Raman-scattering)
3. AVL z Avg and/or Avs z Avg, vs = vL (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 (B30), and eq. (B43) is reduced to:

d 2 _ d däln(P-R ) _ dnm)+dnß—20LP—20cm—20Lg (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 ocg(v) z const. for v z vL and for v = vs (VL and
vs are the line centers of the transmitted and the inelastically scattered radiation, respectively).
Then we have

P0410?)P(R) = R2 ßR(R) ~ T:(R) ' Tu(R) - Td(R) (B45)

where [3R is the Raman—backscatter coefficient, and the transmission factors are given by

R

—Jag(vL,r)dr

Tu(R) = 6 °

Td(R) = e °

To account for the different extinction by molecular and particular scattering at VL and vs, the
term 2(OLp + 0cm) in the definition of Ta has to be replaced by am(vL) + Otp(vs) + ocm(vL)+ ocp(vs).

We then have the Raman—lidar equation



_24_

d 2 d däIMP-R ) — d—Rlnn(vs)+c—lI—21nßR

(B.46)

—oc„(vL) — apm) — oc,„(vL) — 0c,„(vs) — agm) — agm)

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 älnßR is known with rather
good precision, and because filnmvs) = 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 vL and vs. 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

1 — ß’” = L (B.47)%:E‘F mw,
the inverse of the widely used scattering ratio Ks (Measures, 1984). Then the spectral distribution
of the backscattered radiation is given by

g(v,R) = (l —SK) - [(v) + SK- h(V,R)

where h(v, R) is the spectral distribution of Doppler—broadened Rayleigh-scattering according to
eq. (B.l3) from section B.l.

For this case the correction term
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(MT (VR)dV

[G] =AJV dR g
Ig(v,R) - Tg(v,R)dv

Av

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

dSK dMumm) —l(v))a‚—R + SÜß/mm) - Tg(v,R)dv
[G] = AV

SK- Jh(v‚R)-Tg(v,R)dv+(1—SK)- [1(v)-Tg(v,R)av
Av Av

The term [G] can be split up according to

dSK[G] E [G1] + [02] a [E1] - ER‘ + [E2] - SK

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

[ho/,R) - Tg(v,R)dv — [1m - Tg(v,R)dv
Av Av

SKI Jh(v,R)-Tg(v,R)dv+(1—SK)- Jl(v)-Tg(v,R)dv
Av Av

[E1]

[who/,1?) - Tg(v,R)dvdR
[E2] AV

SK‘ Jh(v,R)-Tg(v‚R)dv+(1—SK)- Jl(v)-Tg(v‚R)dv
Av Av

(B.48)

(13.49)

(B50)

(B51)

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, 6. 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 v1 and v2, the
DIAL equation is obtained. We have

d NR) _ 1 d 1 d
dnpgue) ‘ P1 dRPl—PZ dPP2 (B‘SZ)

In the most general case the backscatter signals are given by equation (B34), 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 (B30) 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

d P10?) _ d 111 d ß}
dnm — —2AOL+dnT-]—2+dnB; (13.53)

with Aoc = ocl - 002.

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 dirlnTL = 0.
Devtations from this assumption shall not be treated here. Spllulug the extinction coeffiment
accordlng to 0L = ocg + ocp + 0cm, we have

a? P1(R) d ß1I — —2AOLg—2AOLp—2AOLm+ —ln‚E "P2(R) _ dR [3—2 (3.54)

In case that several gases absorb at either v1 or v2 the differential absorption AOLg is the sum of all
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contributions Aug, 1‘ Then equation (B54) 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 V1 2 v2, so that we can assume AOtp z 0, Aocm z 0, and film? z 0, we obtain
the ,,standar “DIAL equation 2

d PM) _
filnf’gth‘) — —2A0tg (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.l.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 backseattered 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

Tun/,1?) = Td‚2(v,R) = exp[—ja2(r)dr]
0

In addition under these conditions the reference wavenumber may be chosen sufficiently close to
the online wavenumber such that [31 z [32, up, 1 z up, 2, and am, 1 z am, 2. We then have

d (v‚R)J—n . Tg(v,R)dv
——. = —a _ —0Ld’ +2oc2(R)+4V— (B56)dR PEUÜ ”eff eff Jg(V‚R) . Tg(v‚R)dv

Av

This DIAL equation differs from the ,,standard“ DIAL equation (B55) in that the absorption coef—
ficient ocg is replaced by the sum of the efi‘ective 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 (B56) 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.l shows the
halfwidths (HWHM) of a typical water vapor and oxygen absorption line (according to equations
(B25) and (B‚29)) as well as the width of the Rayleigh—line (according to equation (B.l4)), 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 Rayleiglrscattering, the oxygen absorption line PP27’27 and the
water vapor absorption line at v0 =13718.58 cm'l.

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 bL/ba = 0.15.
Hence for water vapor measurements a line width bL < 0.01 cm'1 is required, for temperature
measurements using oxygen lines we have bL < 0.003 cm'l. It 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 ’c = 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 aeff/OLWO) as a function of the ratio between
laser and absorption line widths bL/ba.
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B.5.l. 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 SK and its gradient dSK/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 dSK/dR and [E2] with respect to SK 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 dSK/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 [El] and [E2] of equation (B51) we have

SK- J'h(v,R)-Tg(v,R)dv+(1—SK)‘ Il(v)-Tg(v,R)dv2 Jh(v,R)-Tg(v‚R)dv
Av Av AV (13.57)

SK- Jh(v,R)>Tg(v,R)dv+(1—Sk)- Jl(v)-Tg(v,R)d Jl(v)-Tg(v‚R)dv
Av Av Av

if the laser is tuned to the absorption maximum. From (B57) if follows that

[hm - Tg(v,R)dv [1m - Tg(v,R)dv
AV———1 S[E1]S 1—“— (B58)
[1m - Tg(v,R)dv [h(v,R) - Tg(v‚R)dv

Av Av

d dERMV’R) - Tg(v,R)dv fihwfi) - Tg(v,R)dv

1“ s [E2] s AV (B59)
[1mm - Tg(v,R)dv [h(v,R) - Tg(v,R)dv

Av Av

The upper limit in equation (B58) will be reached for large values of SK, when molecular scatter-
ing dominates, the lower limit "of (B59) is approached for dominating particle scattering.

The upper and lower limits of the sensitivity factors have been estimated according to (B58) and
(B59) 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 pH20(h) = p0 ° exp(- h/aHZQ), where p0
= 6 g - m"3 and aH20 = 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 10'4 to 10'3 m'l, we have to know dSK/dR to an accuracy of
10'3 to 10'4 m'l. Particularly for measurements with high resolution and in regions with small
water vapor absorption this may be difficult to achieve.

I
upper limi t
lower limit: ‘ u“

I r
O 500 1000 1500 2000

altitude /m

Figure B.4: Sensitivity [E1], calculated for the water vapor line at 13718.58 cm'l.

The absolute value of the sensitivity with respect to changes in the spectral distribution of the
Rayleigh-backscatter, [E2], remains smaller than 5 o 10'5 m'1‚ or even smaller than 5 - 10'6 m'1 if
a water vapor line suitable for upper tropospheric measurements is chosen. Since SK S 0.5 in the
lower troposphere and SK < 1 everywhere, the correction term [G2] remains smaller than 2 - 10'5
m‘1 or 5 o 10'6 m'l, respectively. In most cases this will not have a major influence on the meas—
urement accuracy.



-33-

I
upper limit -——-
lower limit -------

[E
1]

0 2000 4000 6000 8000 10000

altitude /m

Figure B.5: Sensitivity [El], calculated for the water vapor line at 13739.44 cm'l.
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Figure B.6: Sensitivity [E2], calculated for the water vapor line at 13718.58 cm'l.
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Figure B.7: Sensitivity [E2], calculated for the water vapor line at 13739.44 cm'l.
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Figure B.8: Sensitivity [El], calculated for the oxygen line PP27’27.
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Figure B.9: Sensitivity [El], calculated for oxygen line PP3131.
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Figure B.11: Sensitivity [E2], calculated for the oxygen line PP3131.

For oxygen absorption lines the problem of Rayleigh-Doppler—correction is much more serious
because of their smaller widths. Figures B.8 to B.ll show that [E1] can be as large as 0.5, and
[E2] a s large as 2 ° 10'5 m'l. For useful temperature retrievals the error in the retrieved absorption
coefficient has to be smaller than about 5 o 10‘6 ml, hence we need to know dSK/dR to better than
10'5 m'l. Only in cases with particularly homogeneous aerosol distribution this will be reached.
The term [G2] mostly is negligible compared to [G1]. Its dependence on SK is less critical, the
required accuracy is only about 0.2, which is quite feasible.
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B.6. Discussion of errors

B.6.1. Random errors

In retrievals of the differential absorption coefficient using the DIAL technique both systematic
and random errors will occur.

The main source of random errors is the noise content of the measured backscatter signals. For the
general error discussion it is sufficient to use the ,,standard“-DIAL equation (B55). In more diffi-
cult cases involving additional correction terms their dependence on random errors has to be stud-
ied, too. This shall not be attempted here. Applying the error propagation law to the DIAL
equation (B.55) yields:

1d PM?)5(Aag) = 5(5 617mm)

= m - lz-(Sfil’Yw-tiaz
5(x) designates the standard deviation of the argument x, and AR is the range resolution used for
the determination of gradients.

(B.60)

B.6.2. Systematic errors

The determination of differential absorption coefficients using the DIAL technique always
includes the term

i] MR)
dR "3302)“

which depends on the backscattered signals at both wavelengths. Systematic errors in the determi-
nation of this term depend on the details of the measurement setup, and hence can hardly be
treated in general. To include these errors in the overall error budget, the general formula in anal-
ogy to (B60) is

1 5(P1) 5(P9)
5(A0L ) = — . (— __)-„) (B.61)

g JäAR P1 1' 2

where 6(x) now designates the systematic error of x rather than the standard deviation due to ran—
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dom errors.

B.6.2.l. Errors due to temporal and spatial averaging

In the derivation of lidar and DIAL equations in section B it had been assumed that the backscat-
tered signal power can be measured to the required accuracy in a time interval short enough to
exclude changes of the remaining parameters like backseatter and extinction coefficients. In many
cases this assumption does not hold since the backscattered signals tend to be rather weak in spite
of the use of high power lasers. Since the backscattered intensity can be measured only in discrete
quanta, the Poisson-distribution of received photons leads to rather large errors in the individual
measurements. This uncertainty is further increased by detector and electronic noise. For repeti—
tion rates typical for present day systems, on the order of 10 Hz, the aerosol in the scattering vol—
ume will be exchanged completely between successive measurements. Therefore, it can not be
assumed generally that the aerosol parameters remain constant. Since the DIAL equation estab-
lishes a nonlinear relation between the measured quantities and the remaining parameters it has to
be investigated how the necessary averaging is performed best, and which errors may occur. For
this purpose it suffices to use the most simple DIAL equation:

d d2m = —fi(lnP1—lnP2)+fi(1nBI—ln52) (13-62)

The differentiation d/dR is a linear operator and hence may be applied in any order. This does not
hold for calculating the logarithm, which is the only nonlinear operator in equation (B62).

For the case where only the signals Pi vary during the averaging interval, but AOL and [31 are con-
stant, we have

d — — d2m = —fi(lnP1—lnP2)+ä(lnß1-lnß2) (13.63)

Averaging of the signals is performed here before applying the logarithm. In case that also ßi var—
ies during the averaging interval, the same order of operations applies. If [31 and B2 are completely
correlated, no error will be caused by the term including [31- In DIAL systems this can often be
reached by transmitting the pulses at both wavelengths either simultaneously or at least in such a
short time interval that the aerosol properties can be considered unchanged. It has to be consid-
ered, however, that for a larger wavelength separation full correlation cannot be achieved. The
resulting error has already been treated. If only AOL varies in the averaging interval (this is not a
particularly realistic assumption), we have

2A0; = 1%001’109) — 11110a + 01%(1n ßl —. In [3,) (B64)
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Hence, we have to form the logarithm before averaging.

In the most general case all quantities will vary during the averaging interval, the rules for order of
application of the operators are contradictory. Hence, it has to be studied what kind of error
remains when the order of operations is changed. For the stochastic variables Pi and Bi we have to
calculate 1n(E)- W11.) and 111(5) — m . To this end first the distribution functions for Pi and Bi:
have to be established. The true backscatter signals follow a Poisson distribution, but in fact what
is measured is the sum of the true signals Pi, a contribution due to background light Pbg, and a
noise contribution Pn.

Pm = P£+Pbg+Pn (B.65)

Pbg and Pn are stochastic variables, the actual values of which are unknown. Only their mean val—
ues IE and 17,, = 0, and possibly their variances, may be determined independently. In the most
general case the distribution function of Pm is a mixture of Poisson distributions for Pi and Pbg,
and a Gaussian distribution for Pn. The used quantity

P = Pm—P—bg (B.66)

also has a quite complicated distribution function. At his point it shall be emphasized, that in par—
ticular the signal calculated according to (B.66) may assume negative values. In this case the
DIAL equation is not directly applicable since the logarithm of a negative argument is not defined.
Hence, the signals have to be averaged until at least P > 0 before a calculation of an absorption
coefficient may be performed. It is obvious that disregarding negative values of P leads to errone-
ous results. For sufficiently large signal to noise ratio we may assume P as a normally distributed
stochastic variable with mean P and variance 52:

P=p.(1+%x) (B.67)

where x is normally distributed with zero mean and variance 1.

For the case of 8/P « 1 we have

ln(P) = 1n(13)+1n(1 +12 a)

(B.68)
2 _

6_2_x2

2 . P
=1n(l_’)+ -)‘c+w

o
;
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Since x is normally distributed with zero mean and variance 1, x2 follows a X2 distribution with
one degree of freedom (see e.g. Davenport and Root, 1958). We then have

2ö
2.13ln(P): 1n(13)+ (B.69)

According to this the systematic error caused by exchanging the order to applying the logarithm
and averaging operators decreases with the square of the normalized standard deviation, while the
statistical error of the mean decreases only linearly. E.g. a normalized standard deviation of 10%
causes a systematic error of 0.5%, if ln(P) is averaged rather than P.

The second term in the DIAL equation (B.62) can be treated analogously, but here we can start
directly by assuming at least a near normal distribution for ß. It should also be safe to assume
öß/B « 1, at least ß is always positive.

For most DIAL applications we can assume that variations in AOL are much slower than those of
Pi, the latter can vary from shot to shot. Then the best strategy is to average over the signals first
until the error caused by exchanging the order of application for the operators according to equa—
tion (B.69) is sufficiently small. Then further averaging may be performed in the resulting AOL, or
W, without introducing additional errors.

In cases where such a separation of scales is not possible because AOL varies to fast it is generally
not possible to obtain an unbiased result.

It is noteworthy that a special case exists due to the fact that AOL is determined from 1:117l — lnP—z.
The systematic error due to exchange of operators has the same (positive) sign for both terms. In
case that ö/T3 is the same for P1 and P2, the errors cancel. But because of the quadratic dependence
on the mean signal the height range is rather restricted for which such compensation of errors
occurs.

The problem treated in this section has been dealt with in the literature mostly under the aspect
whether or not averaging over N shots actually leads to an improvement of the retrieval of the
absorption coefficient proportional to JN . While an extended set of measurements performed
with a heterodyne lidar and hard targets showed considerable deviations (Killinger and Menyuk,
1987), measurements from atmospheric targets mostly showed the expected reduction in error
proportional to JJT’ (Milton and Woods, 1987; Staehr et al., 1985; Grant et al., 1988). Grant et a1.
(1988) demonstrated by simulating a change of absorption within the averaging interval, that in
this case the standard deviation of the ratio from on— to off-line signals does not decrease propor-
tionally to A/IT/ . As has been explained above, this cannot be expected, since this corresponds
exactly to the case where both ß and AOL vary during the averaging interval. Further Grant et a1.
(1988) have pointed out that the deviations observed by Killinger and Menyuk (1987) had been
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caused by their specific measurement setup. The signal statistics for heterodyne measurements
using hard targets are to large extent determined by the speckle patterns due to interference. These
patterns can have rather long correlation times (for hard targets). Under these very special condi—
tions successive measurements cannot be assumed independent. Such effects are not to be
expected for measurements using direct detection techniques.

B.6.2.2. Miscellaneous systematic errors

Inspection of the general DIAL equation (B45) and the corresponding lidar equation (B.38)
reveals the possibility of a number of additional systematic errors. Any error in the determination
of differential correction terms for the gradient of the system efficiency, the gradient of the total
backscatter coefficient, the extinction coefficients for both particle and molecular scattering, as
well as that for the ,,Rayleigh-Doppler—correction" [G] directly enters the determination of the dif-
ferential absorption coefficient. In addition any error in the determination of spectral distributions
before and after the scattering process will cause an error of the retrieved absorption coefficient.
These systematic errors shall not be treated here because they are quite specific for the individual
application and can only be analyzed when the experimental details are known.

In the calculation of trace gas density from the retrieved differential absorption coefficient two
sources of error have to be considered. First, other gases than that under study may absorb at the
wavelengths used for the experiment. This may be quantified in terms of cross—sensitivities. When
individual vibrational rotational transitions having narrow line widths such cross-sensitivities can
generally be avoided. However, if broad absorption bands are used as in the case of ozone retriev-
als using the UV spectral range, cross-sensitivities to other gases generally cannot be avoided.
Some values for the most important gases will be presented in section H.1‚ only in strongly pol—
luted areas they will cause a considerable error in tropospheric ozone measurements.

Secondly, we have to consider errors in the values for the absorption cross sections involved in the
calculation. For measurements using individual vibrational rotational transitions special attention
has to be paid to the pressure and temperature dependence of the absorption cross section,
described by equations (B21) through (B29). An extensive study of such errors has been per—
formed by Ansmann (1984). If suitable temperature independent lines are selected the resulting
error can be limited to < 3%. In that study, however, it had not been considered that the pressure
shift of absorption lines may cause additional errors. But this pressure shift can be experimentally
determined, for many lines used in DIAL measurements this has already been done (Bosenberg,
1985; Grossmann and Browell, 1989). If the known shift is properly accounted for the remaining
errors are negligibly small.
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C. Determination of vertical transports

C.1. Basic principle

A new application area of laser remote sensing in combination with a system for vertical wind
measurements (for the studies reported in this work a Radar/Rass system has been used, Rass =
Radio Acoustic Sounding System) has been established with the determination of vertical trace
gas transport by applying the eddy correlation method using remote sensing techniques. For in—
situ measurements the eddy correlation method is the standard method for measurements of verti-
cal transports, since it is a direct method not requiring any assumptions about the actual turbu-
lence structure. A general overview over this technique may be found in Wyngaard (1991).

In this method the definition of the transport of a gas with density p and velocity ZL is applied
directly:

13p = ä-p (CI)

The transport is a vector with the same direction as ä, it is calculated as the temporal average of
the instantaneous transport. Averaging is indicated by the overbear.

The vertical flux simply is the vertical component of (Cl). Let w designate the vertical velocity,
and separate all terms into a mean and a fluctuating part, then we have

and the vertical flux is given by

f lFp=wp+Vv-f) (02)

Thus the method depends on simultaneous measurements of the gas concentration and the vertical
wind. The mean transport is then calculated as the sum of the covariance of the fluctuating parts
and the product of their mean values. Mostly it is assumed that W = 0, where the small vertical
velocities associated with large scale convergence or divergence are neglected. One reason for this
neglection certainly is that these velocities are too small to be measured directly to any reasonable
accuracy.
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Webb et a1. (1980) have pointed out that sensible and latent heat fluxes, which are associated with
density fluctuations, lead to a violation of the continuity equation, if W = 0 is assumed. To main—
tain the balance of the mass budget W i 0 has to be assumed. The resulting mean vertical velocity
is on the order of several mm/s only, and hence can hardly be determined experimentally. There—
fore, it is calculated from the measured heat flux. The term W e 6 were 6 is calculated from the
heat flux is called Webb-correction.

However, it has to be mentioned that the mean vertical velocity resulting from the heat flux is of
the same order of magnitude as that one resulting from the large scale convergence or divergence
of the flow field. Since this contribution to the mean vertical wind cannot be measured either,
errors of the same size as the Webb—correction remain anyhow.

C.2. Requirements regarding the measurement system

For the determination of the local flux the measurements have to met two requirements:
1. The temporal and spatial resolution has to be sufficiently good to resolve all those eddy

sizes contributing considerably to the overall transport.
2. The accuracy of the measurements has to be sufficiently high to guarantee a good estimate

of the covariance, which for vertical transports generally results as the small difference of
large numbers.

For the determination of fluxes which are supposed to be representative for a larger region of the
atmosphere the measurements in principle should be performed at many locations simultaneously.
Since this is mostly not feasible, measurements are typically performed at a single location but for
an extended period of time. How long this time interval has to be depends on the details of the tur-
bulence statistics. An extensive treatment of this problem may be found in Lenschow et a1. (1994).
Temporal averaging may be taken as a surrogate for ensemble averaging whenever the statistical
properties of the turbulent flow are stationary and horizontally homogeneous, and if a mean hori-
zontal wind provides for transporting a sufficiently large number of eddies across the location
where the measurements are performed. It is obvious that these conditions can be met only for
certain meteorological conditions, in many cases this will not be possible. The question which
horizontal scales have to be included in the measurements had been discussed extensively in con-
junction with airborne in—situ flux measurements, see e. g. Lenschow and Stankov (1986). Since
the mean horizontal wind is typically a factor of 10 smaller than the aircraft speed the problem of
poor spatial representativeness is much more serious for groundbased measurements. This may,
however, be compensated by the possibility to perform repeated measurements on many days
under similar conditions.

To meet the requirements of sufficient resolution at ground level typically resolutions of l to 10
Hz temporally and several decimeters vertically have to be achieved, for both the vertical wind
and the trace gas concentration measurements. Of course this cannot be achieved with remote
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sensing techniques, at least not for a larger range. But such high resolution is not required for
measurements in greater heights, since the size of the eddies contributing most to the transport
increases remarkably with height above ground. The resolution required in any particular case of
course depends largely on the meteorological situation and the state of turbulence of the flow.
However, several general statements can be made.
0 Large eddies contribute most to the transport.
° Under convective conditions eddies with a diameter up to the height of the boundary layer

actually occur.
0 Eddy sizes decrease with decreasing distance to either boundary of the boundary layer, the

maximal radius of the eddies is approximately given by the distance to the nearest bound—
ary.

0 Generally an inertial subrange exists, where mainly transformation of energy from larger to
smaller eddies occurs. In this spectral region the variance of both the vertical wind and any
passive tracer decreases proportional to f5/3, and the vertical transport decreases propor-
tional to f7/3. If the resolution is sufficient to include at least the low frequency end of the
inertial subrange, it is rather safe to assume that the main contribution to the transport is
included in the measurement.

From that we can conclude that the vertical resolution has to be better than half of the distance
between the measurement range and the nearest boundary of the boundary layer, either the ground
or the capping inversion height. The required temporal resolution may be calculated from the ver—
tical resolution and the vertical velocity, At = Az/w. Under convective conditions vertical veloci-
ties reach up to several m/s, for shear driven turbulence 1/30 of the mean horizontal wind is
predicted by a rule of thumb (Tennekes and Lumley, 1972). In order to include not only the largest
eddies the actual resolution should be somewhat better, at least say by a factor of 3. To give an
example, for a measurement height of 600 m a rough estimate yields 100 m vertical and 50 s tem-
poral resolution (At z 100 m/2 m ° 5'1 = 50 s). Such performance is in fact within the reach of
present active remote sensing instruments.

At this point it has to be stated clearly, that it cannot be expected that the method presented here
will be applicable under all meteorological conditions, mainly because of the limited resolution of
present remote sensing instruments. Therefore, for each individual application an analysis of the
relevant length and time scales has to be performed. In this work examples will be presented in
the chapters dealing with experimental determinations of the latent heat flux and the ozone flux,
respectively.
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D. Experimental basis

D.1. Measurement system

Lidar systems generally consist of several subsystems which are clearly separated in functionality.
Figure D.1 shows a typical block diagram. Within the complete system the laser system is the
component which has to be designed very specifically for each individual application. This also
holds for the spectral separation and filtering of the backscattered light as part of the receiver
optics especially of DIAL systems. The remaining subsystems, transmitter optics, telescope,
detector, signal processing, and data acquisition are quite similar, at least in principle, for a broad
range of applications. However, even in these systems there is some potential for fine tuning with
respect to each individual application.

beam steering telescope

transmitter optics receiver optics

beam diagnostic filter

laser detector ‘3" signal conditioning

data acquisition

Figure D.1: Block diagram of a lidar or DIAL system.

Particularly for DIAL applications the requirements regarding the accuracy and performance of
the different subsystems are rather demanding. This may best be demonstrated by giving a simple
example: the differential absorption coefficient can best be determined when the optical depth up
to the measurement range is about ”to = 1.1 (Remsberg and Gordley, 1978). Since DIAL measure-
ments are supposed to yield profiles of the absorption coefficient, let us assume that 10 layers
have to be resolved, each with optical depth A10 = 0.1. According to equation (B60) the error of
the retrieval of the optical depth To = AOL - AR is
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62031) + 62002)
2

P2

For simplicity we assume the same error in both signals P1 and P2. Then the absolute error of the
retrieved differential optical depth is equal to the relative error of each signal. To achieve an accu—
racy of 5% for the retrieval of a differential optical depth of A10 z 0.1, each signal has to be meas-
ured with a accuracy of better than 0.5%. This clearly demonstrates the necessity of outstanding
performance of the signal acquisition subsystem. The requirements resulting for the different sys-
tem components will be studied in detail in the following sections.

D.l.1. Laser

General requirements for laser transmitters used in lidar systems are short pulse length (IL S 100
nsec), small beam divergence (generally not a critical point, since it can be much improved by
beam expansion), excellent pointing stability, high reliability and ease of operation. The latter two
properties are particularly important in applications requiring operation during field measurement
campaigns. Other required properties depend on the individual application. It is obvious that high
spatial and temporal resolution can only be achieved if the pulse energy and repetition rate are
high (typical values are 50 m] at 10 Hz).

Spectral properties are not critical in case of applications involving broad absorption bands (e.g.
ozone measurements in the UV). On the other hand, when narrow vibrational rotational lines are
involved (e.g. for H20, 02) the requirements with respect to line width, frequency stability, and
spectral purity are extremely demanding.

How to account for finite laser line width has been explained in section B.3. However, this
requires the transmitted spectrum to be known. For lasers in which several resonator modes are
excited in principle this has to be measured for each shot, since the distribution of energy on the
different models varies from shot to shot. Therefore, one primary goal of the development of laser
systems to be used for water vapor or temperature measurements has been to reduce the laser line
width sufficiently so that the remaining uncertainties of the spectral distribution do not affect the
results considerably. Table D.l summarizes the requirements resulting from this request and typi—
cal absorption line widths of H20 and 02 for the altitude range up to the tropopause. From the
requested accuracy of water vapor or temperature measurements and the known line widths also
the requirements for the laser frequency stability are derived.

Another very important laser property is its spectral purity, which shall be defined here as that
fraction of the transmitted energy which is contained in a well known line shape. The unknown
fraction mostly occurs as a broadband emission with very low spectral density, and therefore is
extremely difficult to determine experimentally. How the DIAL retrievals of the absorption coeffi-



-49-

cient are affected by spectral impurity has been discussed previously (Bosenberg, 1987; Ismail
and Browell, 1989; Bosenberg, 1991). Figure D.2 shows as the main result the relative error in the
retrieval of the absorption coefficient as a function of the optical depth up to the measurement
range, with the spectral impurity as parameter. The results show that even a small spectral impu-
rity can cause rather large errors, unless the optical depth is small. In principle this error can be
corrected for, but Figure D.2 shows that rather precise knowledge of the spectral impurity is
required to reach sufficiently accurate corrections. In most applications this will not be possible to
achieve.

Table 1: Required laser properties in order to keep laser induced errors in water vapor retrievals
smaller than 5% and in temperature retrievals smaller than 1K throughout the
troposphere

demanded

Parameter H20 T

Wavelength 7t / nm 720 - 730 767 — 771
line width (FWHM) / MHz < 500 < 200
stability of frequency(1 o) / MHz i 210 i 50
spectral purity > 0.995 > 0.999

pulse length 200
divergence / mrad z
pulse energy / mJ z 50
repetition rate / Hz > 10
ton ' toff/ ms z

D.1.2. Transmitter optics

In the most simple case the transmitter optics can be omitted completely. However, often at least a
beam expansion is recommended to reduce the beam divergence. The divergence of the transmit—
ted beam should be somewhat smaller than the field of view of the receiving telescope (typically
on the order of 1 mrad).

Another purpose of transmitter optics often is the adjustment of the beam pointing relative to the
receiver optical axis. The pointing accuracy and stability should be much smaller than the field of
view, about 10 urad appears to be a good number for this. When high quality mounts are used for
the deflecting mirror this requirement does not cause serious problems.
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Figure D.2: Relative error of the retrieved absorption coefficient due to spectral impurity as a
function of optical depth “to up to the measurement range. The spectral impurity is
parameter of the set of curves.

D.1.3. Receiving telescope

The requirements for a receiving telescope for lidar applications are quite easy to meet. The most
important parameter is the area of the primary mirror, and of course its reflectance. The require-
ment regarding resolution is rather poor even in comparison to simple telescopes used by hobby
astronomers, further the required image area is very small. Consequently it is not necessary to
install elements for correcting aberrations. In principle one parabolic mirror is sufficient, e.g.
mounted in Newton—configuration. Even simpler than that is the direct coupling into an optical
fiber right in the focal plane of the primary (and only) mirror. Such simple configuration has been
used with good success in the ozone DIAL system designed at the Max-Planck—Institute for Mete—
orology (Bösenberg et al., 1993; Schaberl, 1995). The main point to observe in this design is that
the f—number of the primary has to be adapted to the core diameter and the numerical aperture of
the fiber, and to the desired field of view. The fiber also determines the product of beam diameter
and divergence, all following optics has to match that product in order to avoid transmission
losses and shadowing effects. The stability of the mounting has to meet the same requirements as
the transmitter optics.
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D.1.4. Spectral separation and filtering

All lidar systems require some spectral filtering to reduce unwanted background light. The band-
width of this filter should be as narrow as possible, restrictions are caused by the wavelength sep—
aration in DIAL systems and in some cases by the temperature stability of the filter function. A
bandwidth of A?» z 5 nm is easy to achieve, and in many applications addressing only the lower
troposphere this is already sufficient. To achieve larger measurement ranges with corresponding
smaller signals the bandwidth may be reduced to AK z 0.5 nm, without intolerable losses in trans-
mission. But particularly when narrowband filters are used attention has to be paid to the fact that
the transmission depends on the angle between the received bundle and the optical axis of the fil-
ter. This effect may easily cause a dependence of transmission on range, since in a non—coaxial
lidar system the angle depends on the distance from the lidar to the scattering volume. Beam
expansion after the diaphragm in the receiver optics can help to avoid this problem.

If a DIAL system is designed such that both wavelength are generated sequentially (e.g. in the
systems designed for water vapor and temperature measurements at the Max-Planck-Institute for
Meteorology), both signals can be acquired using the same detector. In this case no spectral sepa-
ration is required. If, however, those wavelengths are generated simultaneously, e. g. in the ozone
DIAL, spectral separation has to be performed in the receiving optics. This can be achieved either
by interference filters or through a spectrometer. Excellent performance has been demonstrated
for a grating spectrometer which had been specifically designed for the use in our ozone DIAL
system. A special design was necessary to adapt it to the diameter and numerical aperture of the
optical fiber used for coupling with the receiving telescope. In this design the output is coupled
into a fiber as well, making this spectrometer very flexible in use. As a side product excellent gal-
vanic isolation is achieved of the detector from all mechanical structures supporting the bulky
transmitter and receiver optics. This minimizes the electromagnetic interference between the exci—
mer laser, where a high voltage of up to 30 kV is switched in a few ns, and the detector, where
extremely small photo currents have to be measured to high precision. This spectrometer has been
described in detail by Schaberl (1990).

An upgrade of this spectrometer as a double—spectrometer for the detection of Raman-scattering
has been performed by Matthias (1993). A special feature of this spectrometer is that it is used in
two planes simultaneously for two separate receiving telescopes, and both for direct detection of
elastically scattered light and for detection of Raman—scattering through the use of an additional
filter or spectrograph. In the latter application a suppression of scattered light of 3 ~ 10'8 has been
reached in conjunction with an overall transmission of about 5%, measured from input to the
detector. This large suppression of straylight is necessary to avoid significant perturbation of the
extremely small Raman—signals.



_ 52 _

D.l.5. Detector

The most important detector property is as high a quantum efficiency as possible at the relevant
wavelength in order to keep the noise due to the Poisson—distribution of detected photo electrons
small. The detector bandwidth has to match the desired range resolution, typically about 10 MHz
for a range resolution of 15 m in the lidar signals. A good selection of detectors is available for all
wavelength regions.

The dynamic range of lidar signals, in particular for ground—based, vertically pointing systems, is
extremely large. Due to the decrease according to l/RZ, multiplied by an exponential decrease
caused by absorption and scattering, and an additional decrease of the aerosol backscatter with
height the signals from the far range are generally several orders of magnitude smaller than those
from close ranges.

For ozone lidar systems this factor is > 108 for ranges between 100 m and 10000 m. For measure-
ments in the near infrared this factor is generally even larger because of the smaller contribution
of molecular scattering at these wavelengths, and because of the strong decrease of aerosol back-
scatter with height. Since a very high accuracy of the acquired signals is requested, excellent
detector linearity over a large dynamic range is mandatory. Great care has to be taken in the selec—
tion of detectors, amplifiers and all associated electronics regarding this point.

The complete range of the signal is covered in single returns, in about 100 us. The photo-multipli—
ers used almost exclusively for the measurements reported here are known to exhibit major signal
distortions which may be caused by overloading the photocathode, excessive current in the final
stages, or afterpulses induced by ion—feedback. These distortions show up as non—linearity and/or
delayed ghost signals, usually called „Signal induced bias“ or SIB. The details of the physical
processes inside the photomultiplier and their effect on the output signal are not yet completely
understood. However, experimental investigations show (Iikura et a1., 1987; McDermid et a1.,
1990; Gast, 1991) that in particular the memory effects are dependent on both the height and the
length of the signals, and that they can be described to a good approximation by an exponentially
decreasing tail after the strong signal causing the distortion is switched off. If it is possible to
determine this tail from actual measurements, e.g. from a region where it is known that the real
signal vanishes, at least a partial correction is possible.

D.1.6. Signal processing and data acquisition

The requirements regarding the signal processing have already been discussed in conjunction with
those for the detector. Linearity, large bandwidth, low memory effects, and low noise are standard
requirements. However, in real systems these can only be used with some restrictions. But gener-
ally it can be stated that the data processing, if properly designed, does not make a major contribu-
tion to the overall error.
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In contrast to that the limited accuracy of available data acquisition systems is a major source of
error. Analog-to-digital converters which are used here at the required sampling rate of about 10
MHZ cover a dynamic range of 12 bit corresponding to 1:4096, but the accuracy of a single meas—
urement is typically a factor of 2 to 8 worse, depending on the signal frequency. The accuracy
which can actually be achieved of course largely depends on both the individual converter and on
the details of the signal. This shall not be treated in any detail here. Most important for DIAL
measurements is the accuracy which can be achieved by averaging over many shots. This has not
been covered extensively in the literature yet. We have deduced from actual lidar measurements
that for the type we use (Pentek 4246) the resulting error remains as large as 0.2 LSB (LSB = least
significant bit = step size of the converter), no matter how many signals are averaged. Apparently
other high quality systems show similar behaviour. This limited accuracy of data acquisition sys—
tems represents a major limitation for the usable signal range in DIAL measurements.

D.1.7. Reduction of signal dynamic range

Since the required accuracy of the data acquisition system, including all errors of the detector,
pre-amplifier, and AD—converter can be achieved for a limited range of signals only, in DIAL sys—
tems normally some kind of dynamic range reduction is performed. Mostly this is achieved by
reducing the field of view of the receiving telescope and geometrically separating receiving and
transmitting optics, thus suppressing the signals from close ranges almost completely (up to sev-
eral 100 m in many cases). In this range of course no measurements can be made. Often a second
much smaller receiving telescope is installed to cover the close ranges only. While this is very
simple, it adds considerable complexity to the detector, signal processing, and data acquisition
subsystem.

Up to now it has not been demonstrated convincingly that the region of incomplete overlap of
receiver field of view and transmitted beam can actually be used for DIAL measurements, as sug-
gested and discussed in detail by Harms (1979) and Zhao et a1. (1992). This failure is probably
due to the fact that even very small differences in the beam profile for the two wavelengths used
will cause substantial errors in the DIAL measurement. Apparently it is not possible to generate
sufficiently homogeneous beam profiles.

It has also been attempted to reduce the signal dynamics by modulating the gain of either the pho-
tomultiplier (Edner et al., 1987) or the pre—amplifier (Kempfer et al., 1994). Within certain limits
this has been successful, but it does not reduce the problems caused by the detector itself, e.g.
nonlinearity or memory effects.

These problems can be avoided when the optical signal is modulated before it reaches the detec-
tor. One possibility is the use of a mechanical chopper, which serves as a simple on—off switch.
This technique is widely used for stratospheric measurements. For applications addressing the
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lower troposphere the necessarily short switching time is hard to achieve. Therefore, a new tech-
nique has been developed using an electro-optic cell (Lehmann, 1994). In this technique a rapidly
variable transmission is achieved by rotating the polarization plane of the received signal using a
Pockels-cell between crossed polarizers. A dynamic range reduction by a factor of 1000 has been
demonstrated with this device. The reproducibility of the attenuation was sufficiently good to
guarantee an error in DIAL measurements of ö ln P1/P2 < 0.01 even at close ranges. In the far
range the error is even smaller. This variable attenuator is now being used in the recently rede—
signed water vapor lidar of the Max—Planck-Institute. For ozone measurements the use of this
technique appears feasible, but it has not yet been demonstrated experimentally that it works at
the rather large wavelengths separations used in these applications.
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E. Measurements of the water vapor distribution

E.1. Introduction

In the general introduction the importance of the water cycle for many atmospheric processes has
already been emphasized. Improved retrievals of the spatial and temporal distribution of tropo-
spheric water vapor has been identified as one of the most important goals in atmospheric
research. An important partial goal in this connection is the improved determination of evapora-
tion rates which are representative for a large area.

The importance of evaporation rates results from the fact that the evaporation at the surface, soil
or water, is the only source for water (in gaseous, liquid, or solid state) in the atmosphere except
for very small amounts produced chemically from other trace gases. While a large number of indi—
rect methods are in use requiring the turbulence structure to meet certain conditions in order to
yield reasonable results, the eddy correlation technique has become the preferred direct method
for in—situ measurements of vertical water vapor fluxes, both at ground and on aircraft platforms.
When this method is applied close to the ground the main difficulty is the inhomogeneity of evap-
oration overland surfaces, since it depends strongly on details of the soil structure, vegetation and
turbulence structure influenced by the terrain profile. Due to this strong inhomogeneity it is diffi-
cult to derive evaporation estimates which are valid for a larger area from one or even a few
ground level flux measurements.

This is different for measurements performed at greater heights within the boundary layer, since
the small scale variations are already merged and have formed larger eddies, providing for some
area averaging. This has been used in a number of aircraft experiments, but it should be empha-
sized here that in this height range the measurements can also be performed using active remote
sensing techniques (Senff et al., 1994). The main advantage of remote sensing techniques is that
they can be applied on a routine basis with relatively little effort, once the technique has been
fully developed. Thus it is comparatively easy to collect a comprehensive data set covering a large
range of atmospheric conditions. In addition the remote sensing of eddy correlation fluxes pro-
vides vertical flux profiles rather than values at isolated levels, which is most important for a
number of process studies.

Measurements of turbulent transport using the eddy correlation technique require that the struc—
ture of all eddies contributing significantly to the flux are resolved. This size depends on the
height of the measurement and on the stability of the stratification. The studies we have performed
so far have shown, that a vertical resolution of 75 m and a temporal resolution of 60 s are already
sufficient in a convectively mixed boundary layer. Of course an improvement of resolution is very
desirable in order to extend the measurement capabilities to conditions where smaller eddy sizes
are dominant, e. g. for shear driven turbulences.
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The requirements regarding absolute accuracy are not very high, about 10% is sufficient in view
of total errors in flux measurements. The crucial requirement is that for excellent relative accu—
racy, certainly better than about 3%, because in large parts of the boundary layer the vertical trans-
port is associated with small variations of the water vapor density only. Another important
requirement is that the measurements must be performed during daylight, too, in order to include
all important contributions to the vertical latent heat flux.

If only the main structure of the vertical distribution of water vapor is to be determined the
requirements regarding resolution are somewhat relaxed, because in most cases these structures
have rather large scales. A vertical resolution of 100 m should be sufficient in almost all cases, in
the upper troposphere a resolution of 1 km only would yield very valuable results. With respect to
temporal resolution the requirements are much reduced, too. Measurements with even 1 hour
averaging time are an important improvement over most of the conventional measurements. But
for special process studies, e. g. in connection with cloud processes, every attempt should be made
to provide high resolution measurements throughout the troposphere. Lidar measurements can
make an important contribution to such studies.

The method of measuring water vapor concentration using the DIAL technique has already been
discussed in detail in preceeding sections, where in particular the problems associated with
accounting for the details of the spectral distribution of the transmitted laser pulse and the back—
scattered radiation have been addressed. In the following section some examples will be used to
demonstrate the potential contribution of DIAL measurements to atmospheric process studies, to
further explain some of the problems, and to suggest solutions for these problems.

E.2. Measurements of the vertical distribution of water vapor

E.2.l. Measurements using a system based on dye lasers

Already in 1985 a DIAL system for water vapor measurements was constructed, in which two
narrow band dye lasers were used (Bosenberg and Hinzpeter, 1986; Bosenberg et a1., 1989). This
system was used to evidence that spatially and temporally high resolution measurements of
humidity during both night and day can be performed. In the boundary layer a statistical error of
0.1 g/m3 was reached at 75 m vertical and 50 sec temporal resolution.

Measurements have also been performed up to 8 km height. The achievable absolute accuracy was
mainly restricted by the insufficient spectral purity of the dye lasers, the broadband emission due
to ASE (amplified spontaneous emission) often exceeded 2%. This level of spectral impurity
causes a strong height dependence of the measurement error. Another nasty feature was that the
spectral impurity was time dependent, too, because the level of ASE generally increased during
the measurements because of deterioration of the dye solution, and because of minor changes in
the adjustments. This made the correction of errors due to spectral impurity rather difficult. Only
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in special cases the correction could be performed reliably, e. g. when quasi—simultaneous meas—
urements were performed using two absorption lines having different line strengths. Routine
operation of this system was impossible.

However, the system was used for measurements in different parts of the atmosphere to illustrate
the potential but also the limits of the technique. One example, measured during the approach of a
warm front in the upper troposphere, gave clear evidence of the importance of the Rayleigh—Dop—
pler-correction. Figure E.1 shows an example of the results described by Ansmann (1989).
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Figure E.1: DIAL water vapor measurements (solid lines) in comparison to radio soundings at
18:00 UT (dotted line) and at 21:00 UT (dashed line). Resolution AR = 500 m,
AT = 5.5 min. Evaluation without (0) and with inclusion of the Rayleigh—Doppler—
correction (0). Statistical errors are included for the lidar measurements.

In summary the most important results of this study were:
° Humidity measurements up to 7.5 km are possible with a resolution of 500 m vertically and

5.5. min temporally.
- For these conditions the statistical error remains less than 12% for an absolute humidity of

0.3 g m'3.
o The Rayleigh-Doppler—correction can approach 50% of the actual measurement, even for

this rather poor resolution.
~ In this particular case it cannot be excluded that the error in the correction is as large as the
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correction itself, because of the uncertainties associated with the parameters entering the
aerosol retrieval. Hence, the error due to the Rayleigh—Doppler-broadening can exceed all
other error terms, but only at the boundaries between different atmospheric layers.

. The agreement of the lidar measurements with those of two locally launched radiosondes is
satisfactory, but the results of the two ascents performed with 3 hours separation show
rather large differences in several regions of the atmosphere.

- Studies addressing processes associated with cloud formation require high resolution meas—
urements, both vertically and temporally.

This example gave clear evidence that the uncertainties associated with the calculation of the
Rayleigh-Doppler—correction can be the major limitation for the accuracy of DIAL measurements
at boundaries between different layers of the atmosphere. But it also demonstrated that continuous
lidar measurements are very suitable for studying processes in the free troposphere.
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Figure E.2: Variance spectrum of a water vapor measurement performed on September 18,
1987 in Hamburg, 13 to 16 UT. Measurement height was 247 m, vertical resolution
75 m, temporal resolution 25 s.

For measurements in the boundary layer Figure E.2 illustrates what kind of resolution and relative
accuracy can be achieved. It shows a variance spectrum calculated from a 3 hours humidity
measurement, performed on September 1831, 1987, 13:00 to 16:00 UT in Hamburg at an altitude
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of 247 m above ground. The signals were averaged over 75 m vertically and 25 s temporally, so
the Nyquist-frequency is 2 ° 10'2 Hz.

The spectrum exhibits a strong decrease of power spectral density with increasing frequency,
approximately proportional to f5/3. This decrease is predicted for the inertial subrange, where nei—
ther production nor dissipation of energy is observed. At the high frequency end of the measured
spectrum a significant deviation from this decrease is observed, the spectrum approaches a con-
stant value of about 0.6 g2 m'6 s. This can be explained by the statistical error of the humidity
retrieval, the spectrum of which is white for this kind of measurements. Hence, the values
observed at the high frequency end of the spectrum yield an upper limit for the spectral density of
the white noise contained in the measurements, when the atmospheric variability is neglected at
these frequencies. In the example shown in Figure E.2 this noise corresponds to a standard devia-
tion of 0.11 g m'3, or about 1.5% of the mean value. This clearly demonstrates the potential of the
DIAL technique to provide accurate high resolution measurements in the boundary layer.

The possibility of performing high resolution measurements was used to derive the turbulent
transport of water vapor in a convective boundary layer using the eddy correlation technique with
remote sensing instruments for the first time (Senff et al., 1994). For these measurements the
DIAL system was combined with a Radar/Rass to measure the vertical wind component (Peters et
al., 1988; Peters and Kirtzel, 1994). The main results of these very first measurements of the latent
heat flux are:
- The resolution of the combined measurements of water vapor and vertical wind is 75 m ver-

tically and 60 s temporally.
0 In the middle of the boundary layer a relative accuracy of z 0.1 g m'3 is achieved, which is

determined by the signal noise and the background light.
0 The corresponding accuracy of the wind measurement is z 0.1 m/s.
° Variance spectra of both vertical wind and humidity exhibit a decrease proportional to f5/3,

presumably because the inertial subranges has been reached. In this part of the flow spec-
trum the contribution to the covariance is supposed to decrease proportional to f7/3. There—
fore it is justified to assume that only a minor contribution to the transport is made at
frequencies larger than those resolved by the system.

0 Measurements of the latent heat flux have been performed with averaging times between 30
and 180 min.

- Due to the short averaging times the representativeness of these measurements for a larger
area is restricted, the sampling error is the largest contribution to the error budget.

0 The magnitude and the observed diurnal variation of measured fluxes is very plausible, esti-
mates using indirect methods yielded similar values.

- The actual range of 450 to 675 m where measurements could be performed was rather
restricted due to technical problems in both the DIAL and the Radar/Rass systems.

It is concluded that the first measurements of turbulent fluxes of water vapor in the boundary layer
using active remote sensing techniques showed satisfactory results. Due to the large difficulties in
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adjusting and operating the DIAL system properly no further measurements have been completed
successfully. But in order to make this technique valuable for flux measurements it is most impor-
tant that they can be extended over long periods of time and be repeated under similar conditions,
in order to reduce the sampling error. The latter point is a principal problem for measurements of
rather large scale turbulence structures performed at a fixed location, because one has to rely on
the mean horizontal wind to provide for transport of the atmospheric features across the measure-
ment system. The necessity of performing long-term observations calls for a system which is easy
to adjust and to operate reliably. This could in no way be achieved for the dye laser system,
mainly because of problems with stability and proper adjustment. For this reason, and to achieve
better absolute accuracy, a new laser system has been developed, for which high reliability and
stability was a major design goal. This development has now been completed as far as the laser
operation is concerned, but the lifetime for some of the components still has to be increased.

Further requests for improvements are mainly concerning resolution, in order to extend the meas-
urements at atmospheric conditions where smaller eddy sizes prevail, e. g. for shear generated tur-
bulence. Improvements of resolution are actually expected from an increase of laser power as well
as from a telescope with larger aperture. In detailed studies it has to be found out which combina—
tion of vertical and temporal resolution is best suited for flux measurements. This is important
because the statistical error of the water vapor retrieval has a much stronger dependence on verti-
cal than on temporal resolution. It should be noted here that in the Rass measurements of the ver-
tical wind a better resolution is achieved now.

The increase of altitude range is also desired in order to determine the entrainment flux at the top
of the boundary layer from the height dependence of the latent heat flux.

Whether or not a direct flux determination at the top of the boundary layer is possible still has to
be studied in detail. First attempts to measure the ozone flux across the peplopause gave evidence
that serious problems occur due to particularly large sampling errors in this case. This restriction
is not caused by the remote sensing technique we have applied, but rather by the special flow pat-
tern which is found in this part of the troposphere.

E.2.2. Measurements performed with a newly developed solid state layer system

Because the measurements performed with the dye laser system had established that the main
source of error was associated with the inadequate spectral properties of this laser, a new laser
system was developed which meets all the stringent requirements regarding spectral purity, nar-
row bandwidth, and frequency stability. This laser system also provides sufficient pulse energy to
facilitate both high resolution measurements in the boundary layer and long range measurements
of mean profiles up to the upper troposphere. In Table E.l the demonstrated laser properties are
compared to the requirements for accurate water vapor and temperature measurements throughout
the troposphere. This is the first laser system meeting all requirements for accurate DIAL meas—
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urements involving narrow water vapor or oxygen lines, including the demand for excellent spec—
tral purity.

To achieve the required spectral properties and the necessary output energy the following design
features are deemed necessary and have proven successful:
- Separation of the laser system into two subsystems according to the so—called MOPA—con-

cept (Master Oscillator — Power Amplifier).
- master oscillator operating in the continuous wave (cw) mode at comparatively low

power; tunable, frequency stabilized, single mode operation (both longitudinal and
transversal), with high spectral purity

— power amplifier operating in pulse mode, injection seeded by the master oscillator,
operating on maximal 2, preferably only one longitudinal mode;

- use of tunable solid state laser material
— Ti: sapphire in the master oscillator
— Alexandrite in the power amplifier

- construction as a uni—directional ring resonator with optimized cavity design
0 sufficient seed power
0 coupling of the seeder into the power amplifier via a polarizer, matched to the Packels cell

for Q—switching.

Table E.1: Requirements regarding the laser transmitters for a water vapor and a temperature
lidar with an error caused by laser performance of less than 5% and 1K, respectively.

R ir m nequ e e ts Laser
Parameter H20 T performance

Wavelength M nm 720 - 730 767 — 771 720 — 780
line width (FWHM) / MHz < 500 < 200 160 (26)
frequency stability (1 <5) / MHz i 210 i 50 43 (15)
spectral purity > 0.995 > 0.999 > .999

pulse length / ns S 200 S 200
beam divergence / mrad x 0.45
pulse energy / mJ = 50 z 50
repetition rate / Hz > 10 z 20
on-off—separation, ton - toff / ms z z 50

The separation of the laser system into two subsystems, master oscillator and power amplifier, has
the advantage that the necessary narrowing of bandwidth, passive and active stabilization of
wavelength and excellent spectral purity can be achieved relatively easy and reliably in a cw laser
compared to a high power pulsed laser. The technique of injection seeding provides for maintain-
ing these properties during amplification to the required peak power in the pulsed amplifier, if
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both systems are carefully matched. Both lasers operate as uni—directional rings and use solid state
laser materials only to provide wavelength, stability and spectral purity. Two different laser crys-
tals are used, a titanium doped sapphire pumped by an Argon ion laser in the master, and a flash-
lamp pumped Alexandrite rod in the power amplifier. The details of this design and an extensive
study of possible variants are described by Wulfmeyer (1995).

To illustrate the accuracy which can be reached when this new laser system is used for DIAL
measurements Table E.2 summarizes the results of two actual measurements (Wulfmeyer, 1995).
For that one performed in the lower troposphere data from a locally launched radiosonde (Vaisala
R880) were available for intercomparison. Here the observed differences between lidar and radio-
sonde are smaller than the error margin of the sondes, so these values should not be interpreted as
lidar measurement errors.

Table E2: Maximum and mean random error max(op) and 6p, and maximum and mean
difference between lidar and sonde max(Ap) and Ap for two test measurements
performed with the new lidar system. Rmax is the maximum Range, AR the range
resolution, and At the temporal resolution of these measurements.

Rmax AR At max (op) 6p max(Ap) Ap

2km 45—225m 15min 0.14g-m'3 0.04g-m'3 0.3g-m'3 0.1g-m'3
5.5km 300—900m 15min 0.04gom'3 0.02gom-3 ——————————

For the measurements in the upper troposphere up to now no suitable data for intercomparison
were available. An assessment of accuracy for this range was made indirectly by determining the
humidity within optically thin clouds.

The water vapor density within a thin altostratus of little more than 300 m depth at an altitude of 5
km was determined as 1.4 i 0.2 g m'3. The saturation vapor density at the cloud temperature esti-
mated from a radio sonde ascent started in Kiel was 1.5 g m'3, showing excellent agreement. A
similar experiment for a cirrus extending from 8 to 10.5 km altitude gave a result of 0.054 i 0.003
g m'3 for 9 km height. The saturation vapor density (over ice) averaged over the height range used
for the lidar retrieval (18250 m to 9750 m) was calculated as 0.052 i 0.004 g m'3. The error mar-
gin was caused by the uncertainty of the temperature profile, which had not been measured at
exactly the same location. Further details of these measurements may be found in Wulfmeyer
(1995). The results clearly show that excellent accuracy can be reached with this lidar in upper
tropospheric measurements, too.

The reason for these measurements being more accurate than all previously published water vapor
DIAL results is attributed mainly to the fact, that the new laser system used here is the first one
meeting all requirements which have been deduced from a rigorous treatment of the methodology.
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E.3. Impact of the Rayleigh-Doppler—correction

From the rather few measurements of the water vapor distribution using the DIAL technique it
cannot be derived how much the uncertainty of the Rayleigh—Doppler—correction affects the accu-
racy of the results in a statistical sense. Nevertheless, an estimate of the probability distribution of
the error caused by Rayleigh-Doppler—broadening can be obtained by making use of a large
number of backscatter lidar measurements which have been performed in this wavelength region.
From this large data set the statistical distribution of the quantity dSK/dR can be derived. This can
then be used in conjunction with the sensitivity factors calculated in section B.5 to estimate a sta-
tistical distribution of the errors caused by Rayleigh-Dopp1er-broadenin g.

E.3.1. Investigation of typical aerosol distributions

The statistical distribution function for the gradient of the inverse scattering ratio dSK/dR was
derived from evaluations of a large set of backscatter lidar measurements obtained during the
International Cirrus Experiment ICE ‘89 which was conducted in September/October 1989 on the
island of Sylt. Twenty—one individual cases were analyzed, corresponding to 27 hours of observa—
tions or more than 3000 individual profiles. The meteorological conditions covered a broad range
from persistent high pressure conditions with little cloud cover to cold air outbreaks associated
with strong convection and heavy showers. The actual cloud regions were discarded for the evalu-
atron.

For the purpose of this study four regions of the atmosphere were distinguished: planetary bound—
ary layer (PBL), entrainment zone (EZ), lower (LFT) and upper (UFT) free troposphere. The
heights of the different regions were deduced from the measured temporal-spatial distribution of
the aerosol backscatter. Not in all cases this can be performed correctly, e. g. because not always
an entrainment zone exists. But for the purpose of this study just a coarse division into certain
atmospheric regions was attempted. In this context that region of the atmosphere was called
entrainment zone where strong aerosol gradients occurred at the transition from the more or less
well mixed boundary layer to the usually much cleaner free troposphere.

For the retrieval of the inverse scattering ratio SK the analytical inversion as described by Fernald
(1984) was applied, mostly in the backward integration mode because of the much better numeri—
cal stability. In some cases no homogeneous region suitable for calibration in the far range was
existent, in those cases at least for part of the range forward integration was used. The lidar ratio
was assumed as SL = 35 sr'1 in the PBL and free troposphere, and SL = 10 in cirrus. When
forward integration was applied smaller values were used to stabilize the solution. The quantity
dSK/dR was calculated directly from the retrieved vertical distribution of SK.

The raw data were acquired with a vertical resolution of 7.5 m and a temporal resolution of 10 s,
for the evaluation this was mostly averaged to 90 m and 30 s. For most cases in the lower tropo-
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sphere this was sufficient to suppress the noise to an acceptable level. For upper tropospheric
measurements this kind of averaging is sufficient in cirrus only, in the remaining part where
molecular scattering dominates much more averaging is necessary. Therefore, a homogeneous
treatment of a scene containing both cirrus and cloud—free regions does not make much sense. In
the cloud-free upper troposphere the aerosol backscatter coefficients could not be determined with
sufficient accuracy, the result is strongly dependent on the assumptions to be made for the scatter-
ing ratio at the calibration height. But from the raw backscatter data it could be concluded that
generally no large values of dSK/dR can be expected, with the exception of occasionally observed
aerosol layers. For these reasons no distribution of dSK/dR was compiled for the upper tropo-
sphere.

The aerosol gradients observed in cirrus can best be illustrated using an example. Figure E.3
shows the range corrected lidar signal from more than 4 hours of measurements when a cirrus
deck in the altitude range 7.5 to 11.5 km approached the site. In this figure the time resolution is
18 s and the vertical resolution 30 tn.

Within the cloud many small-scale structures are clearly visible. Figure E.4 shows the gradient of
the inverse scattering ratio dSK/dR for the same case. The resolution was reduced to 90 m, corre-
sponding to the interval used for calculating the gradient. At this high resolution in the cloud-free
area only noise with very large variability is observed. With the exception of cloud boundaries,
where extremely large values of dSK/dR occur (in this ease up to l o 10'2 m'l) which are still lim—
ited by the resolution, inside the cirrus only rather small values of less than 1 ° 10'4 m'1 are
observed. This results in a Rayleigh—Doppler—correction of the retrieved absorption coefficient of
less than 1 0 10'5 m'1 inside the cirrus. The term [G2] is not important in the cirrus region, since
SK < 1 o 102. At the cloud boundaries [G1] assumes very large values, here it is not really feasible
to obtain accurate measurements.

Figure E.5 shows as an example an evaluation of lower tropospheric measurements up to 3000 m
altitude. the strong aerosol gradient at the top of the boundary layer is clearly visible, mostly
around 2400 m height. During 20 to 80 min after the start of the measurements the PBL reaches
much higher, up to about 2800 m. But also in the height region below the PBL top, beyond about
1400 In some persistent aerosol layer and associated boundaries can be distinguished. This region,
where at least for some time mixing with free tropospheric air may have occurred, has been clas-
sified as entrainment zone for this study, although this does not correspond to the classical case of
entrainment due to convective mixing at the top of the PBL. In the present study that region at the
top of the PBL was generally classified as entrainment zone EZ, where particularly strong aerosol
gradients occurred. Only the apparently well mixed region was classified as boundary layer PBL.
The reason for this way of classification is that the Rayleigh—Dopp1er-correction assumes large
values in a small region around layer boundaries only, while it is much smaller in the large regions
which are much more homogeneous.
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Figure E3:

Figure E.4:
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The distribution of dSK/dR for the complete data set is presented in Figures E.6 and E.7 as cumu-
lative distribution functions for each classified region. In the evaluation of so many data it could
not be avoided that outliers were included in the analysis, caused by e.g. small clouds or short
interruptions of the measurements. These outliers corresponding to much less than 3% of the
measured points have been removed a posteriori from the distribution.

The distribution functions as shown in the figures clearly deviate from Gaussian distributions,
obviously the wings are much more pronounced. The limits for 68% and 95% confidence are indi-
cated in the figures, the observed values for these confidence levels are summarized in Table E.3.

Table E.3: Confidence intervals for dSK/dR, numbers in units of m'l.

Atmospheric region 68% confidence interval 95% confidence interval

boundary layer — 1.3 .- 10'4 + 1.7 - 10-4 — 5.4 . 10'4 + 5.4 . 10"1
entrainment zone - 2.2 - 10'4 + 8.9 - 10'4 - 9.3 0 10'4 22.8 ° 10'4
lower free troposphere - 2.2 - 10'4 + 2.0 - 10'4 — 12.0 - 10'4 + 3.8 o 10'4
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Figure E.6:

Figure E.7:
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Apparently the gradients of the inverse scattering ratio are smallest in the well mixed boundary
layer. For studies involving only mean profiles the 68% confidence intervals may be considered
appropriate, where the gradients remain smaller than about 1.5 o 10'4 m'l. For studies in which the
wings of the distribution can be important, e. g. those involving the cross—correlation with the ver—
tical wind for deriving the latent heat flux, the 95% limits are certainly better suited. Within the
PBL this interval of about i 5.4 - 10'4 m'1 is rather small, too. Applying the sensitivity factor [E1]
derived in section B.5, [El] z 0.1, the correction term [G1] with 65% probability remains less
than 1.5 i 10'5 m'1 and with 95% probability smaller than 5.4 o 10'5 m‘l. It is difficult to make a
general assessment of error margins for the retrieval of SK and dSK/dR, because these errors
largely depend on estimated aerosol properties needed as input parameters for the inversion. For
many cases 30% error is probably a realistic assumption. If this value is adopted the resulting
error in the retrieved absorption coefficient due to the incomplete Rayleigh—Doppler—correction is
< 0.5 o 10'5 m'1 and 1.6 ~ 10'5 ml, respectively. For boundary layer measurements an absorption
line should be selected with an absorption coefficient of about 1 o 10'3 m'l, hence the error due to
Rayleigh—Doppler—broadening may be neglected in most cases. Application of the correction,
however, is advised at least for correlation studies, since errors of more than 5% in about 5% of
the samples can have a large impact on correlation products.

The latter is particularly true when measurements in the entrainment zone at the top of the bound—
ary layer are involved. Without correction the error will be larger than 9 . 10'5 m"1 for 32% of the
samples and with 5% probability greater than 22 0 10'5 m'l. For detailed process studies this level
of error is not tolerable. When the correction is applied the errors can at least be kept below 10%.

In the lower free troposphere the error margins for 68% confidence are rather small again, about
0.7 o 10‘5 m'l, but the 95% interval is much more extended in particular towards negative gradi-
ents. When the correction is applied errors should generally stay below 2 o 10'5 m'l, but consider—
ing the generally low humidity in this region this may already cause some noticeable restriction of
accuracy. A summary of these results is presented in Table E.4. Here it is assumed, strongly sim—
plifying actual measurement situations, that the absorption coefficient of water vapor amounts to
l o 10'3 m'1 for PBL measurements and 1 ' 10'4 m"1 for measurements performed in the free trop—
osphere. The sensitivity factors were chosen as [E1] = 0.1 in the PBL and [E1] = 0.05 in the FF.
This simplification was necessary to show some consistent estimates for the achievable accuracy.
For the analysis of individual cases, however, detailed calculations have to be performed accord—
ing to the theory presented in section B.

From the examples shown above and in particular from the statistical investigation it becomes
apparent that the spectral broadening for the Rayleigh-scattered part of the backscatter is impor-
tant for all measurements involving narrow absorption lines. This effect can well be the major
source of error. The accuracy which can be achieved is thus strongly dependent on the accuracy of
the aerosol retrieval which is necessary to perform the correction. The experience gained in the
evaluation of a large number of lidar backscatter measurements suggests, however, that at least for
meteorologically interesting situations involving complex aerosol and/or cloud distribution the
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necessary inversion of lidar data is very difficult to perform with the required level of accuracy.

Table E.4: Confidence intervals for the relative error of water vapor retrievals due to incomplete
Rayleih-Doppler—correction.

Atmospheric region 68% confidence interval 95% confidence interval

boundary layer
entrainment zone

— 0.004
- 0.007
— 0.033

+ 0.005
+ 0.027
+ 0.030

- 0.016
- 0.028
- 0.180

+ 0.016
+ 0.068
+0.057lower free troposphere

E.4. Comparison with other methods, in particular Raman-lidar

For investigations of the atmospheric water vapor distribution with high temporal and spatial res—
olution not only the DIAL technique, but also the Raman-lidar has to be considered. In the latter
the Raman—scattering at water vapor and nitrogen (or oxygen) is used to determine directly the
water vapor mixing ratio. This technique is already well-developed (Whiteman et a1. 1992; Ans-
mann et al., 1992a; Eichinger et al., 1994; Goldsmith et al., 1994).

For the assessment of performance of a Raman-lidar one has to distinguish night—time and day-
time operation. The main source of error is the noise induced by the background light that can
generally not be suppressed efficiently because of the width of the Raman-spectrum. In Table E.5
the performance of the state—of—the—art Raman—lidar (Goldsmith and Bisson, 1995) for day- and
night-time operation is summarized.

Table E.5: Statistical error of Raman-lidar measurements. Night-time measurements according to
Goldsmith and Bisson (1994), daytime measurements according to Goldsmith and
Bisson (1995).

R AR At max (6p)/g/kgmax

Night 7km
5km
3km

75m
75m
75m

10 min
10 min
10 min

0.2 — 0.3
0.07 - 0.17
0.03 - 0.06

Day 1km
2km
3 km
4km

75m
75m
75m
75m

10 min
10 min
10 min
10 min

0.2
0.3
0.6
1.3

Both systems used in these measurements (Sandia Livermore and NASA GSFC, Goldsmith et al.,
1994) were rather big and powerful, the product of transmitted power (18 W) and receiver aper-
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ture (0.76 m diameter) was 8.17 s (for comparison: this product is 0.02 s for the MPI
DIAL system). Another Raman-lidar, which is specialized for high resolution daytime measure—
ments, reaches a power—aperture product of 10.1s at a wavelength of 248 nm (Eichinger et a1.,
1994). Because of the strong ozone absorption in this spectral region the range of this system is
restricted to 450 m. A resolution of 3 m and 0.1 s is claimed, but for close ranges only (not speci-
fied in detail). The advantage of Raman—lidars with respect to high range resolution is clearly
demonstrated here. For this particular system, however, detailed assessment of accuracy for the
high resolution measurements was not presented, averages agree to about 5% with standard in situ
measurements. This can definitely not be expected to hold generally, as will be illustrated in sec—
tion H addressing ozone measurements. However, for investigations requiring very high resolu-
tion at short range this can be an interesting method, provided that the ozone interference problem
can be solved, e. g. by simultaneous ozone measurements with the same system. A detailed study
on this subject still has to be performed.

For the present status of Raman-lidar performance it can be summarized, that the combination of
accuracy, resolution, and range for night—time measurements is exceeding the performance of
DIAL systems. E. g. a height resolution of 75 m in 10 min time in the upper troposphere does not
appear feasible for DIAL measurements, at least if the system is ground-based and has to pene—
trate some extended boundary layer typically containing much water vapor.

For daytime measurements, however, the situation is completely different. For the Raman-lidar
mentioned above, where performance has been verified, measurements performed in the boundary
layer showed a random error of 0.22 g m'3 corresponding to 5% for 10 min average and 75 m ver-
tical resolution. The new MPI—DIAL reached 0.05 g m'3 at the same resolution, hence about 4
times better performance. Above about 2.5 km daytime Raman-measurements showed an error of
> 1 g m'3 due to background noise, which makes them not very useful for atmospheric studies.
For the DIAL system, however, measurements at 5 km height with an error < 0.03 g m'3 have
been performed with a range resolution of 900 m.

These examples show very clearly that for daytime operation even a rather small DIAL system
can outperform a large Raman-lidar. The capabilities of the MPI-DIAL can still be improved con-
siderably, e.g. by installing a larger telescope (doubling of the telescope diameter results in 4
times shorter measurement time). Whether or not the laser output power can be much increased
still has to be investigated. In any case at least a second laser for the generation of the second
wavelength could be installed, thus doubling the effective pulse rate and, correspondingly, the
temporal resolution.

Passive techniques for water vapor retrievals have been studied for a long time already. For quite
some time they will probably be the only ones which are applicable for space-bome measure—
ments and hence the only ones to provide global data sets. A detailed study of space-borne tech—
niques has been performed by Schliissel (1995). According to this about two layers can be
resolved, e.g. total water vapor content and content of the lowest 500 m, with an accuracy of about
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0.15 m'2 for the total content and 1 g/kg for the specific humidity of the lowest 500 m. So the
advantage of global coverage comes with the disadvantage of poor height resolution.

Rather limited height resolution is also found for ground—based passive remote sensing of humid-
ity, about 500 111 resolution is reached at best (Feltz, 1994). The accuracy is specified as 3K in
dewpoint temperature, corresponding to roughly 20% error in relative humidity.

It can be concluded that high resolution measurements as required for process studies can only be
provided through active remote sensing techniques. The DIAL technique appears to be particu-
larly suited for daytime measurements, both for high resolution measurements in the boundary
layer and for measurements with medium resolution throughout the troposphere.
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F Temperature measurements

Temperature is one of the key parameters describing the state of the atmosphere, hence remote
sensing techniques for temperature profiling are very welcome. However, several techniques for
this purpose are already well established, mainly passive remote sensing techniques for satellite
retrievals of temperature profiles with global coverage. A real need exists for measurements with
high vertical and temporal resolution for process studies as well as for measurements with high
accuracy. For global measurements the design goal is about 1K uncertainty, for process studies the
requirements are generally higher.

The use of the DIAL technique for temperature profiling has been suggested rather early (Mason,
1975), and subsequently studied in theory (Schwemmer and Wilkerson, 1979; Korb and Weng,
1979; Mégie, 1980; Korb and Weng, 1982). This technique is based on the temperature depend—
ence of the absorption by an atmospheric gas of known mixing ratio. As suitable gases, water
vapor (only if an additional measurement of its density is performed simultaneously, which
clearly limits the achievable accuracy) and in particular oxygen have been suggested. The mixing
ratio of oxygen in ambient air is assumed to be constant to a high degree of accuracy. Although
the suggested absorption lines are very narrow (see figure B. 1) in the above mentioned theoretical
studies the influence of Doppler-broadened Rayleigh—backseatter has not been considered. This
was first introduced in a detailed study by Theopold and Bosenberg (1993). They have shown that
the possible errors caused by this effect may indeed set the limits to the achievable accuracy.
Experimentally this could only be confirmed using two short examples. Now here the general for-
malism developed in chapter B shall be used in conjunction with the statistical investigation of
aerosol distributions described in chapter E to estimate the expected accuracy for a broader range
of applications.

F.1. Basic theory of temperature measurements based on the DIAL technique

It has already been explained that with the DIAL technique the primary result is a profile of a dif-
ferential absorption coefficient, which is a function of gas density, pressure, and temperature.
Since the profiles of pressure and temperature are coupled through the barometric height equa-
tion, it is possible to derive the temperature from the absorption coefficient if the gas density is
known. Oxygen (02) is particularly suited as an absorbing gas, because its mixing ratio in dry air
is assumed to be constant in the lower atmosphere (20.95%), and because it has suitable tempera-
ture dependent absorption lines in readily accessible spectral regions. According to Korb and
Weng (1982) the absorption coefficient is given by:
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when qo2 and qHZO are the volume mixing ratios of oxygen and water vapor, respectively, kB is
the Boltzmann constant, SO the line strength and 8 the ground state energy of the transition, v the
wave number of the absorbed radiation, A (v, p, T) the absorption lines function (e. g. a Voigt pro-
file), and T0 the temperature at standard conditions.

The nonlinear relation (Fl) between the measured absorption coefficient and the temperature is
best resolved using an iteration technique, since the exponential term is predominant under the
prevailing conditions (Korb and Weng, 1982).

T e/kB

1a02A(T[)—lnkBTi2/p1+1 (F2)

For typical experimental conditions the iteration converges within very few steps. In addition it
has to be considered that a priori the pressure p is not precisely known as a function of height. For
ground based applications an additional pressure measurement at ground level is easily per-
formed, for satellite- or airborne applications climatological values or the analysis from the
weather service has to be used. However, the sensitivity of the temperature retrieval with respect
to the atmospheric pressure is relatively small, and the retrieved temperature profile can be used in
an iteration procedure to improve the assumed pressure profile using the hydrostatic equation. The
analysis of this procedure performed by Korb and Weng (1982) showed that the remaining errors
are < 0.1 K in the lower and < 0.3 K in the upper troposphere. For most applications this level of
uncertainty appears to be tolerable.

The temperature dependence of the absorption cross section at the line center is given by

W _ T ——+E(A)(30%),”) dT e 5[Ü 2 ] (F3)

where E(A) is dependent on the actual absorption line function (see Theopold, 1990). We have
E(A) = 0 for pure Doppler—broadening and E(A) = 1 for pure pressure broadening. The tempera-
ture sensitivity is proportional to the ground state energy of the transition. But the line strength is
also dependent on the ground state energy, resulting in a decrease of line strength with increasing
ground state energy, since the corresponding states are less occupied. When choosing an absorp-
tion line a compromise between line strength and temperature sensitivity has to be found. Table
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F.1 shows as an example three suitable lines for different maximum range. Here Rmax is the alti—
tude where the optical depth for a ground based measurement is T (Rmax) = 1. For these lines the
temperature sensitivity is between 1.4 and 2.4% K'l. This clearly shows that in order to achieve a
useful accuracy for the temperature retrieval (say < l K) a very high precision of the determina-
tion of the absorption coefficient is required. Hence all effects have to be considered in detail
which can affect the transmission of light through the atmosphere.

Table F.12 Line parameters for selected oxygen absorption lines. Values are taken from the
HITRAN-data base (Rothman, 1987), except for the values for the line strength SO
and the collision broadening halfwidth bCO, which were taken from Ritter (1987).

25 0. v0n SO - 10 b C e RmX
Line (cm'l) cm2 mol'1 cm"1 (cm'l) (cm'l) (km) (% K'l)

P 1327,27 13010812 2.21 0.0371 1085.206 1.3 1.4
P P2929 12999.959 1.08 0.0362 1248.204 2.9 1.7
P P3131 12988728 0.429 0.035 1422.502 10.9 2.4

Up to now the laser properties were very important in the error analysis of actual measurements.
In particular the very demanding requirements with respect to wavelength stability, narrow band-
width, and high spectral parity could not be met. With the development of the new laser described
in chapter E this source of error can now be excluded, so the main source of systematic errors now
is the incomplete Rayleigh-Doppler-correction. This will be studied in detail in the following.

F.2. Sensitivity of temperature retrievals to the Rayleigh-Doppler—correcti0n

Detailed inspection of this correction in section B.5 had revealed that the correction term [G]
which accounts for the Doppler-broadening of the Rayleigh—backseatter in regions of spatially
inhomogeneous aerosol distribution can be written as:

dSK[G] a [G1] + [G2] E [E1] - d—R + [E2] - SK

The sensitivities [E1] and [E2] have been studied in section B.5.l for two oxygen lines PP27, 27
and PP31, 31 under conditions of the US standard atmosphere.

In section E.3 a statistical distribution of the quantity dSK/dR was introduced, which is based on
measurements at a wavelength of Ä z 725 nm. This statistical distribution can also be used to esti-
mate the errors in a temperature retrieval, since dSK/dR is only weakly wavelength dependent. For
convenience Table E2 repeats the confidence limits for the distribution of dSK/dR for several
atmospheric regions.
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Table F.2: Confidence limits for dSK/dR in m'l.

Layer 68% confidence interval 95% confidence interval

boundary layer — 1.3 - 10"1 + 1.7 - 10"4 — 5.4 . 10-4 + 5.4 - 10'4
entrainment zone — 2.2 . 10'4 + 8.9 - 10‘4 — 9.3 . 10'4 22.8 - 1o-4
lower free troposphere - 2.2 - 10'4 + 2.0 o 10'4 - 12.0 o 10'4 + 3.8 o 10'4

For the estimation of errors in temperature retrievals in different atmospheric regions it was
assumed that boundary layer measurements are typically made at 600 m altitude using the
PP27, 27—line, and measurements in the lower free troposphere at 3000 m altitude using PP31, 31.
These are very reasonable parameters for typical measurement situations in these regions.

The results obtained with these assumptions for the correction term [G1] and the resulting error in
the temperature retrieval assuming a 30% error in the retrieval of dSK/dR are summarized in Table
E3. Possible errors caused by the term [G2] have been neglected.

The table demonstrates very clearly, that only in the well mixed boundary layer acceptable accu-
racies can be achieved, but even then only if the 68% confidence limits for an uncertainty of < 1 K
are deemed appropriate. For process studies rather the 95% confidence limits should be used. If
this is required, the accuracy is not sufficient in any atmospheric region. The conclusion from this
statistical investigation is that the DIAL technique in its present form is of limited usefulness only
for atmospheric temperature profiling.

Table F.3: Confidence limits for the correction term [G1] in rn'1 and the error in temperature
retrievals in K. For the conditions see text.

Layer 68% confidence interval 95% confidence interval

correction term [G1] / rn'1

boundary layer — 3.3 . 10'5 + 4.3 - 10'5 — 13.5 . 10'5 + 13.5 - 105
entrainment zone - 1 . 10'4 + 4 . 10'4 — 5 . 10'4 11 . 10'4
lower free troposphere - 4 . 10'4 + 4 . 10'5 - 2.0 o 10'4 + 8 o 10'5

temperature retrieval/K

boundary layer — 0.8 1.1 - 3.4 3.4
entrainment zone — 2.5 10.1 — 12.7 27.9
lower free troposphere - 5.0 5.0 — 24.8 9.9
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G. DIAL modification t0 avoid the Rayleigh-Doppler-correction

The previous studies of water vapor and particularly temperature retrievals have demonstrated
very clearly that the Rayleigh-Doppler—correction is a major cause of limited accuracy for meas-
urements involving narrow absorption lines in the near IR. It can not be expected that dSK/dR can
be measured with significantly improved accuracy as long as it is determined in a simple back—
scatter experiment the solution of which is under—determined.

The problem of the Rayleigh—Doppler—correction is caused by the fact, that the two contributions
to backscatter, molecular and particulate scattering, have significantly different spectra. Hence it
can be avoided if not only the transmitter but also the receiver has sufficiently narrow bandwidth
such that the details of the spectral distribution need not be considered. For the laser and hence the
propagation from the lidar to the scattering volume this problem has already been treated. In sec-
tion B.5 it has been shown, e.g., that an error of < 2% in the absorption cross section can be
achieved if the laser line width is smaller than 15% of the absorption line width. Of course the
same applies for the propagation from the scattering volume to the receiver, where in this case the
receiver bandwidth has to be as narrow as necessary to determine the effective absorption cross
section. In order to make water vapor measurements sufficiently independent of the Rayleigh—
Doppler—correction a filter width (FWHM) of about bF < 0.01 cm'1 9 300 MHz is required, for
temperature measurements this would be bF < 0.003 cm'1 2 90 MHz. Such small filter widths can
be achieved using different interferometric methods. On the one hand either a Fabry-Perot or a
Michelson-interferometer with correspondingly small bandwidths can be used with subsequent
direction detection of the transmitted photons. A second possibility is the use of coherent or heter-
odyne detection, where the backscattered radiation is mixed with the wave field from a local oscil—
lator, resulting in a signal having the difference frequency of the two waves. This detection
technique has long been used in Doppler—lidars for wind measurements, where just the Doppler—
shift of the backscattered light is used to determine the velocity of the aerosol particles which are
carried along with the wind.

In principle both techniques require the same performance of the optics and adjustments, the wave
fronts have to be maintained to a sufficient degree of accuracy to provide for homogeneous inter-
ference patterns. The main difference is the use of a local oscillator in the heterodyne technique
instead of different parts of the backscattered light for the direct techniques. An important conse—
quence of this use of a local field instead of the received field is that the detector signal is propor-
tional to the amplitude of the backscattered wave rather than its intensity as for the direct
detection. This results in a major reduction of signal dynamics, e.g. because the amplitude is pro-
portional to R'1 while the intensity goes with R'2. This is an important advantage, since the
dynamic range of the signal causes serious problems in all DIAL applications.

Another important difference between the two detection schemes is that for the heterodyne detec-
tion the interference pattern of the backscattered waves in the detection plane has to be consid—



—78—

ered. Formally that can be done to good approximation by introducing the “effective“ receiver
area Am, where

1 1 ( 1 1 l )2 _+_+_. my
Aha nant AT AR Ap-

Here nant is an antenna loss factor, and

gab? 2nb§
1+NT 1+NR

describe the areas where the phases of the transmitted respectively local oscillator beams are suf—
ficiently constant to produce homogeneous interference patterns. NT and NR are the Fresnel-num-
bers for focusing at up and uR, respectively, and bT and bR are the Gaussian beam radii of the
transmitted and the reference beams, where we have

TU)? sNT=_;CL_1) NR='T£&%_%)' (G3)_‚. . R

The effect of turbulent refractive index modulations within the propagated beam is approximately
accounted for by the term l/Ap, with

2 —6/5Ap=1v(oy5k%u;) , (GA)

where a is the structure constant of the turbulent refractive index fluctuations and k is the wave
vector (Yura, 1979).

The requirement of homogeneous wave fronts for the backscattered waves from all distances
leads to a strong suppression of all signals except for those from the focal regions uT and uR. On
the one hand this can be used to further suppress the signal dynamic range, which is a clear advan-
tage, on the other hand the signals from the suppressed regions are weaker, hence the statistical
error increases. The optimization therefore depends strongly on the details of the system and can
only be performed when all the details are known.

The two detection techniques also show significant differences in the signal statistics. While for
the direct detection the statistic is determined by the Poisson—distribution of both the signal and
the background light, for the heterodyne detection the rapidly varying “speckle“ patterns govern
the statistics. Most heterodyne detectors are operated in a way that the noise is solely determined
by the local oscillator. The textbook result for the signal-to-noise, here called carrier-to—noise ratio
CNR, is (Yarif, 1985)
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nerndc‘IP(R)CNR =
hvm . (G.5)

where flop[ and ndet are the efficiencies for the optics and the detector, and Bhet is the bandwidth
of the heterodyne detection. Hence, the number of signal photons in the observation interval
l/Bhet can be determined with the precision of one photon. But this is not the uncertainty of the
measurement of an average backscatter signal, since the signal intensity at the receiver area is
itself a stochastic variable having an exponential probability distribution (Goodman, 1965; Hard—
esty et al., 1981). For a given mean value 1—3 for this distribution the variance is given by F2, hence
the standard deviation is equal to the mean. For the total signal-to-noise ratio we then have

CNR

JCNRZ + 2CNR + 1
SNR,“ = (G6)

or, using Thot = Tlopt ° ndet

nIOIPNR = —— .
S her ”Imp + hVm,

(G.7)

This result of a simplified classical treatment is very close to the result of a full quantum-electro—
dynamic treatment of a similar case (Jakeman et al., 1975),

CNR

J2CNR2 + 2CNR +1
It is beyond the scope of this paper to clarify which result would be the correct one for the case
under study. The main result, namely that for a single measurement we always have SNR < l, is
contained in both solutions. The necessary improvement of the signal-to-noise ratio (at least by a
factor of 100 for typical DIAL measurements) has to be achieved by averaging over n independent

SNRM = (G8)

measurements, according to

SNR" = SNR - JE. (G.9)

One independent estimate is made in the time l/Bhep which is determined by the maximum Dop—
pler-shift of the backscatter signal. For the wavelength region around 750 nm this time is about 40
ns for vertical measurements, corresponding to about 5 m height resolution. For measurements
with “high“ vertical resolution of about 50 m we than have about 10 independent estimates for
one laser shot. If high temporal resolution of < 10 5 shall be achieved repetition rates > 100 Hz are
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necessary. If further noise sources are considered, too, repetition rates on the order of 1 kHz are
more likely to be necessary.

The estimates presented here clearly show that significant differences are existent for the direct
detection using extremely narrow band interferometers on the one hand, and heterodyne detection
on the other hand. The full characterization of both methods is clearly beyond the scope of this
paper, it would require an extensive parametric simulation study. But at this point it can already be
stated that:

- The heterodyne detection technique is capable of providing receiver bandwidths clearly
meeting the requirements for suppressing the Doppler-broadening effects of Rayleigh-scat-
tering.

~ If this technique is used the signal-to—noise ratio is mainly determined by the “speckle“ sta-
tistics. This implies, that the accuracy needed for DIAL measurements can only be achieved
by averaging over many shots. Consequently lasers with high repetition rates are required to
achieve high resolution measurements. Use of a corresponding high speed data acquisition
system is necessary, too.

Belinda: Previously a different measurement scheme to reduce the influence of
Rayleigh—Doppler—broadening had been suggested (Theopold et al., 1992), which was called
BELINDA (firoadband Emission L_idar with Marrowband Determination of Absorption). In this
technique a broadband laser should be used in conjunction with narrowband detectors at both on-
and off—line wavelengths. It has been shown theoretically that for proper selection of both wave—
length off the absorption line center the errors due to Doppler—broadening can be partially com-
pensated, a reduction by at least a factor of 4 can be achieved. The filters used for this technique
have to be as narrow as for the technique using narrowband emission.

In this technique it is not necessary to use a narrowband laser source, but the broadband emission
has to be homogeneous or at least repeatable over a larger wavelength interval. Whether or not
this is easier to achieve the narrowband emission shall not be discussed here. The detection sys-
tem for this technique requires a larger effort than that proposed in the present paper, since two
narrowband filters at two predetermined wavelength off the absorption line center are necessary.
In addition the error due to Doppler—broadening is not completely eliminated but only reduced, a
correction including a determination of the aerosol backscatter is still necessary. The transmitted
laser energy is used only to the extent which falls into the receiver windows, most of the energy
remains undetected. Since now a suitable narrowband laser is available, the technique using nar-
row bandwidth in both transmission and detection appears to have clear advantages over the
Belinda concept.

Avoiding the Rayleigh—Doppler—correction by narrowband detection of the backscattered radia-
tion, using either direct or heterodyne detection is a very promising development goal, since only
in this way the full accuracy for DIAL measurements involving narrow absorption lines in the
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near IR can be achieved. This holds for both water vapor retrievals in regions of spatially inhomo-
geneous aerosol distribution and for temperature retrievals, for which the modifications suggested
here are mandatory.

A distinct advantage of using heterodyne detection as a narrowband receiver is that it has the
potential of measuring the radial wind velocity simultaneously by measuring the Doppler—shift.
Measuring the wind is an important task of its own, measuring it simultaneously with e.g. humid-
ity using the same system would be a major breakthrough for flux measurements using the eddy
correlation technique.

Last not least by avoiding the RayleighDoppler-correction the most difficult part of the DIAL
evaluation would be abandoned. The main difficulty actually is the insertion of aerosol parameters
needed for the calculation of the aerosol distribution. Since this estimation requires the interaction
of a skilled scientist (and is guesswork to a certain degree anyhow!), only dropping of this step
makes an automatization possible. This would greatly simplify the evaluation of long sequences
of measurements.
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H. Measurements of the ozone distribution

The DIAL technique has been used for the determination of the vertical distribution of ozone in
the atmosphere already for more than 10 years. First measurements were restricted to the strato—
sphere, on the one hand because of the importance to study stratospheric ozone depletion at high
latitudes, but on the other hand because accurate measurements are mostly easier to perform in the
stratosphere as compared to the troposphere. This is due to the fact that regions with strongly
inhomogeneous aerosol distribution occur much more frequently in the troposphere, and this has a
major impact on the achievable accuracy. But in the past years the measurements have been
extended to the troposphere, because the importance of the negative effects of tropospheric ozone
on the health of humans and organisms in general has been increasingly recognized. For studies of
the processes which control formation and destruction of ozone in this atmospheric region the
DIAL technique is particularly suited because of its capability to make continuous high resolution
measurements.

H.1. Analysis of the achievable accuracy

For measurements of ozone utilizing the DIAL technique mostly the Hartley-Huggins absorption
band in the UV is used, which shows only little structure. Figure H.1 shows the measured absorp-
tion cross section as a function of wavelength (after Molina and Molina, 1986). The figure shows
that it is possible to choose the absorption cross section within wide margins by choosing the
proper wavelength. Hence it is possible to adapt the system to very different measurement situa-
tions just by tuning the wavelength. This feature is important since ozone in the troposphere is
highly variable. It should be noted that by choice of the wavelength both the sensitivity and the
maximum range are controlled.

The choice of the reference wavelength is also determined by the prevailing measurement condi—
tions. Assuming that with a DIAL system a difference in optical depth of about 1 . 10'3 can be
detected, then in order to perform measurements with 5% accuracy and 100 m range resolution at
an ozone density of 100 ug m'3 the differential absorption cross section has to be larger than A0 2
160 ° 10'20 cm2. Except for some small structures the maximum slope according to Fig. H1 is
about 40 cmZ/nm. Therefore, at least a wavelength separation of 4 nm is required to achieve the
specific accuracy. With this rather large wavelength separation differences in both backscatter and
extinction for M and M have to be considered explicitly, as already explained in general in section
B.4. This shall now be studied in greater detail.

The appropriate DIAL equation for this case is eq. (B54). In the form suitable for a retrieval of
the ozone density po3 from the measured backscatter signals this equation reads
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This implies that for the error analysis we have to inspect the quantities
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and the differential absorption by other gases Aocq. In the worst case the error is given as the sum,
in the optimal case by the root of the sum of squares of the individual error terms.
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Figure H.l: Ozone absorption cross section in the Hartley—Huggins band (after Molina and
Molina, 1986).
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H.1.l. Accuracy of the differential absorption cross section

The accuracy claimed by the authors is 1% for each single value, hence the accuracy of the differ—
ences is about 1.5%. The temperature dependence of the ozone absorption cross section is very
small in the region close to the absorption maximum, at the detection limit for k < 270 nm, and
increases to values of about 1 - 10'3 K'1 in the region up to 300 nm. So if on—line wavelengths
7km > 285 nm are used the temperature dependence should be considered, but a coarse correction
with a temperature estimation to some K is sufficient. In the wavelength region under considera-
tion the measurements published by Molina and Molina (1986) and by Malicet et a1. (1995) are
deemed most reliable.

H.1.2. Cross sensitivity with respect to other gases

In the wavelength region from 248 to 320 nm which is used for ozone measurements many gases
do absorb. The most important gases to consider are 02, 802, and N02. Many hydrocarbons have
absorption bands in this region, too, but their density is mostly rather small, so that they have to be
considered in extremely polluted areas only. Table H.1 shows the cross sensitivities for S02 and
N02 for those wavelength combinations which are in use for the MPI ozone system. For the
wavelength pairs used for lower tropospheric measurements the cross sensitivities are small, only
if the other gases are present at very elevated concentrations they will have a marked influence on
the accuracy of ozone retrievals. In such cases these gases should be measured as well and the
ozone values corrected correspondingly. Only for the combination 292/3199 nm the cross sensi-
tivity for S02 is relatively large, but this pair is used for mid— and upper tropospheric measure-
ments only, where the S02 concentration is rather small.

Table H.1: Cross sensitivities for ozone retrievals with respect to the most important trace gases
for selected wavelength pairs. The entries are the ratio of trace gas to ozone
concentration calculated from differential absorption.

lon / ÄOff 268.5/292 277.2/292 277.2/313.3 292/3199 Reference

S02 — 0.03 — 0.01 0.12 0.6 Thomson, 1990
5 Brassington, 1981

N02 — 0.01 — 0.2 - 0.04 0.10 Bass et al., 1976

Absorption by molecular oxygen has to be considered for wavelengths < 270 nm, too. In principle
this correction is easy to perform since the atmospheric density of oxygen is rather well known. A
potential source of error, however, is the rather large uncertainty in the values of the absorption
cross section. Values calculated by Cann et al. (1984) are currently deemed as the most reliable
source. Measurements at high spectral resolution have not been reported. For the wavelength
combination 268/292 nm the differential absorption caused by oxygen corresponds to 9 ug m"3
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ozone under standard conditions, for the other wavelength pairs it is negligibly small.

H.1.3. Accuracy of the measured signals

The measured signals always contain noise, often at a rather high level, which is caused by the
statistical distribution of the incident photons, originating from both the backscatter and some-
times from background light. According to section B.6.1 the random error of the density retrieval
is given by

2 .2(P1)+5(P2) (H.2)P3
assuming that the noise in the signals is the main source of random errors. In the latest version of
the data acquisition of the MPI—lidars not only the mean values of the signals are recorded, but
also their sum of squares, so that their variances can be calculated. The calculated standard devia-
tions contain the noise as well as the signal variability due to backscatter variations, atmospheric
transmittance variations, and variations of transmitted laser pulse energy. Since the latter terms
are at least partially correlated for on— and off—line signals the measured variances yield an upper
limit for the random error of the ozone retrieval. Figure H.2 shows an example of a time-height-
distribution of the variances estimated with this method, actually the relative error of the mean
value is plotted. The temporal resolution was 103 (100 shot averages), the vertical resolution was
15 m. Up to 1500 m altitude this error is less than 5%, further averaging to typically 75 m and
30 5 resolution reduces this error in the off—line signal to about 1%.

H.1.4. Extinction by molecular scattering

Term [2] from eq. (H.1), the differential extinction caused by molecular scattering Adm = an“ —
am; depends solely on the on- and off—line wavelength and the density of the air.

To estimate an upper limit for this error we assume a rather short wavelength of 268 nm. For this
wavelength under standard conditions we have am = 2.31 0 10'4 m'l. The air density is generally
known with an uncertainty of less than 3% (Russell et al., 1982). The error in the absorption coef—
ficient then is less than 80cm = 7 o 10'6 m'1 corresponding to öpo3 S 0.8 ug m'3 for a measurement
using the wavelength pair 268/292 nm. In most cases this error will be negligible compared to
other possible errors. If this appears critical, however, it requires relatively little effort to deter—
mine the air density to better than 1%. Additionally a relatively small wavelength separation
should be used, where the error decreases proportional to 4181/12. Hence we can practically
exclude significant errors caused by term [2].
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Figure H.2: Relative standard deviation of lidar signals, öp/P, for 100 shot averages corre-
sponding to 10 s averaging time. Height resolution is AR = 15 m.

H.1.5. Extinction by particle scattering

Term [3] of eq. (H. 1), the differential extinction due to particle scattering, can be estimated as fol-
lows:

For DIAL applications we generally have A?» = 7L1 - M « M Then the wavelength dependence of
up my be approximated by a power law with the Angstrom-coefficient ka

Äl k“
dpi = (Xp'2(772)

From that it follows that

Ä1 k“ AK k“ A?»(—) —(1+l—2) ~1+k0ck—2

(H3)
M03 A M

‘W z 0w ' "a ‘m 'p.1 _

Hence the accuracy of the Aap retrieval is dependent on how accurate the aerosol extinction 01p 2
at the reference wavelength can be determined, and how well the aerosol properties are known
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which determine the Angstrbm—coefficient ka. For a first estimate we can insert some typical
numbers: the factor MO3 o AM2 'AG ° 22 is given in table H.2 for some commonly used wave-
length pairs. For measurements in the boundary layer a likely maximum value is ocp < 2 - 10'3
m'l. A typical wavelength combination for measurements in this atmospheric region is 268/292
nm, we then have

Apoa s 2- 10‘3 - 0.6- 8970ngm‘3

ApO3 S llttgm—3.

For measurements in the free troposphere using 277/313 nm the sensitivity is larger by a factor of
2, but generally the aerosol extinction is much smaller in that region, hence the correction most
likely will not exceed 5 pg m'3.

Assuming that the extinction coefficient can be estimated with an uncertainty of about 30%, and
ka to about 20%, the uncertainty of the correction is about 35%. This corresponds to an uncer-
tainty in the ozone retrieval of 4 ug m'3 at the maximum, and S 2 ug m'3 in the majority of cases.

H.1.6. Differential backscatter

The correction term for differential backscatter reads

[4] = 2A0 dR
M03 iln(E) : M03 iaj—m‘l 6&2) (H 4)

B2 2A6 dR [3:21,2 I SKJ l

where the inverse scattering ratio SK = ßm/ß has been used. Assuming again an Angstrom—law for
the wavelength dependence of the aerosol backscatter coefficient with an Angstrom—coefficient
kßt

B, = tape-(373%
it follows that

[4] = 3:0; äln(sK+(1_sK).(%)4+/cß) (H5)

In order to make clear which factors actually determine the correction term some simplifications
will be introduced. For typical measurement wavelengths we have Al S K2 and hence
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Ä 4—k
(—1) ß‚w.1(4+k).A—7‘.

Ä'2

After some transformations eq. (H5) comes down to

MOS'AA/ dSK

”2-Ao-x2'(4+kfi)'d—R’ (H6)[4]

Hence the correction for differential aerosol backscatter is determined by

MO3 ' All

—‚which is completely determined by the choice of wavelengths
2 ' KG ' Äz

4 + kß , which is determined by the wavelength dependence of aerosol backscatter

dS
‘51? ‚ which is determined by the spatial gradients in the aerosol distribution.

Figure H.3 shows the factor MO3 ° AM2 0 A6 - X2 as a function of the on—line wavelength and the
wavelength separation A7». Some dots mark the wavelength pairs which are used in some typical
DIAL configurations. Table H.2 gives a quantitative presentation of these sensitivities.

The sensitivity of the correction for differential aerosol backscatter (and for differential aerosol
extinction, too!) shows a minimum around K1 = 270 nm, the region where the ozone absorption
cross section shows the strongest wavelength dependence. The wavelength pairs 268/292 nm and
266/289 nm, which are produced from KrF and NdYAG—lasers, respectively, with subsequent
Raman-conversion in deuterium are very well suited for measurements under high aerosol load
conditions. If measurements at longer ranges are attempted the on-line wavelength has to be cho-
sen larger. For this the pairs 277/292 and 289/299 (KrF respectively NdYAG with Raman—conver—
sion in deuterium and hydrogen) are well suited. The combinations of 277/313 and 292/319
which can be realized using one Raman—cell only are clearly more sensitive to differential aerosol
backscatter, about a factor of 2 compared to the optimum at the corresponding on-line wave—
lengths. If these pairs are used for measurements in the free troposphere only, where aerosol gra-
dients are generally rather weak, the errors can still be kept small. The combination 286/2983,
which has been used in many campaigns of the NASA airborne system, is well suited for meas-
urements at longer ranges, but is more than two times as sensitive to differential backscatter than
the combination 268/292 which has been used for most lower tropospheric measurements in the
MPI system.

It is worth noting that nowhere in this region a substantial decrease in sensitivity to differential
backscatter can be achieved by making the wavelength separation very small.
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Figure H.3: Sensitivity to differential aerosol backscatter, in ug m'Z.

Table H.2: Sensitivity to differential aerosol backscatter.
M03 ‘ A?» _2

41/42, nm 2-Ac-Ak2 ’ Mg m

266 / 289 4038
268 / 292 4485
277 / 292 5118

286 / 298.3 9452
277 / 313 9531
289 / 299 11965
292 / 319 31640

It also has to be considered that a larger A6 reduces the sensitivity to other measurement errors.
Hence AK should rather be chosen relatively large, in particular for measurements at long range.
Figures H1. and H3 can be used to find a optimal choice for each application.
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The wavelength dependence of the aerosol backscatter coefficient is not very well known in the
spectral region below about 300 nm. Calculations for standard aerosol types based on the Mie the-
ory, where typical size distributions and the complex refractive index were prescribed, have
resulted in values — 1 S kß S l (Volger, 1993; Volger et al., 1996). In particular it has to be consid—
ered that hygroscopic aerosols change both their size distributions and refractive index due to
uptake (or loss) of water when the relative humidity of the surrounding air changes. This results in
considerable changes in kß. Assuming kg = O for all cases where there is no information available
about the aerosol, the error caused by the wavelength dependence is most likely smaller than 25%.

The inverse scattering ratio SK can only assume values between 0 and 1, corresponding to pure
particle and molecular scattering, respectively. At typical wavelengths below 300 nm as typically
used for ozone measurements it is more likely that 1 > SK > 0.5. Hence the gradient dSK/dR can—
not be larger than 1/AR for measurement with a height resolution of AR, mostly we have dSK/dR
< l/2AR.

Then the following estimate holds:
. The factor M02; . Alt/2 0 A6 - 7v; is at best about 4000 ug m'z. The factor (4 + kß) is about 4.

For high resolution measurements, e. g. AR = 100 m, we can assume dSK/dR S 3 - 10'3 m'l.
So even for the best choice of wavelengths the correction can be as high as 80 ug m'3. This
value is comparable with the ozone density typically found in the lower troposphere, hence
the correction is of utmost importance. It should, however, be noted that such high values
for the correction can only be reached in very small regions at layer boundaries, e. g. at the
top of the boundary layer.

0 Increasing the height resolution interval causes a reduction of the correction inversely pro-
portional to AR. If only low resolution is required, e.g. AR = 500 m, the corrections are
rather small, even for wavelengths used for long range measurements as e.g. 277/313 nm
the correction will stay below 35 ug m'3. Practically such a large gradient is only observed
at the top of the boundary layer or at some rare events of similarly pronounced aerosol lay-
ers. Mostly it is much smaller, and hence the correction for differential aerosol backscatter
typically is much smaller, too.

H.1.7. Correction methods

Equation (H5) or (H.6) can be used to estimate the correction term [4]. This was first introduced
by Browell et al. (1985). In this method first one of the standard backscatter lidar inversion algo-
rithms (e. g. Fernald, 1984; Klett, 1981; Sasano et al., 1985) is used to retrieve the aerosol back-
scatter and estimation coefficients from the off-line signal. However, some parameters have to be
specified, which in principle require some detailed knowledge about the aerosol properties:
0 ßpg (RC), in a suitably selected calibration height RC
- SL = ap/Bp, the so-called lidar ratio, if possible as a function of height R
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o kß, the Ängström-coefficient of the wavelength dependence of Bp.

If the gaseous absorption ocgg at the reference wavelength is not negligible, an iteration procedure
has to be used. First OLg is calculated using the DIAL equation without aerosol correction, then this
value is used in the aerosol retrieval, and then the correction term is calculated and applied. These
steps are iterated, usually very fast convergence is observed where often one iteration is sufficient.

A serious disadvantage of this correction method is that it requires a rather large effort and can
hardly be automatized, because several aerosol parameters have to be specified. The estimation of
these parameters requires a lot of experience and a careful analysis of the prevailing atmospheric
conditions. In addition the complexity of aerosol distribution often found in the lower troposphere
can make it very difficult to find a suitable calibration height. For single profiles this is generally
not too big a problem, but for extended time series this mostly is impossibly. In this case the time
series have to be split into short intervals, which requires some effort and, what is worse, leads to
differences in the treatment of continuous scenes.

H.1.7.1. Simplified correction scheme

For these cases as well as for a general estimation of the achievable accuracy a simplified correc-
tion scheme is proposed.

The factor dSK/dR of equation (H.6) can easily be approximated by forming the logarithmic
derivative of the range corrected signal.

R

61%a - R2) = älnßa- exp[—2JocdR]]
0

d
— älnß—ZOL [0!

(H7)
d d

älnßm—d—RlnSK—Zoctot

The gradient of the Rayleigh backscatter coefficient ßm can be calculated to good precision, since
it is only dependent on the air density. The total extinction coefficient, am, includes the extinction
due to molecular scattering, particle scattering, and gaseous absorption. The molecular extinction
again can be calculated, and is rather small, the aerosol extinction generally is not too important
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either, and the gaseous absorption at the reference wavelength either is small or can be calculated
by iteration (see above).

The factor l/SK in principle requires full calculation of Bp,2' But the term dSK/dR and hence the
total correction can only assume large values if [3132 is sufficiently large and hence SK rather
small, at least as long as the height interval is not chosen particularly small. Further, if lidar meas-
urements are possible at all, we mostly have SK 2 0.3. Without any specific information about the
aerosol distribution we thus have 0.3 S SK S 0.7. Assuming SK = 0.45 in the standard case leads to
an error of probably less than 30% in the estimation of the correction term.

But even when the extended correction procedure is applied some errors exist, certainly not less
than 20%, caused by insufficiently known parameters and by numerical instabilities. Hence it is
well justified to use the simplified method.

In the simplified correction scheme the formula

d 2 d4-(045 d—RlnP-R +d—R
M03 - A?»

Apogzm- lnßm—Zocm) (H8)

is used. The uncertainty in kB is about 20%, according to Volger et a1. (1996). Considering both
uncertainties (uncorrelated) in the estimation of the aerosol correction results in a total uncertainty
of about 35% for term [4] of equation (H.l). The estimated uncertainty for the extended correc-
tion scheme is 28%, hence only marginally better.

This simplified correction, in conjunction with a calculation of the random error due to noise
using the measured variance of the backscatter signals, as explained in section H.1.3, is now used
routinely to estimate the uncertainty of ozone lidar measurements.

H.1.8. Statistical investigation of the aerosol correction

At the Max-Planck—lnstitut fiir Meteorologie in Hamburg lidar measurements of the ozone verti-
cal distribution have been performed since 1991, about once per week weather permitting. A
small portion of this data set, those performed in March, June, and July, 1993, have been used to
study the statistical distribution of the vertical gradient of the aerosol backscatter coefficient in
several atmospheric regions. This partial data set contains 100 hours of measurements on 19 days,

dcorresponding to about 20000 individual profiles. The quantity DS. = d—Pl’w'RZ has been deter'. \ .
mined frorn the off—line signal, which can serve as a reasonable approximation for El; 713‘ Nei-
ther a correction for Rayleigh extinction was applied nor a correction for ozone absorption in
cases the off-line wavelength 292 nm was used. The neglection of Rayleigh extinction results in a
pure shift of the corresponding distribution, the neglection of ozone absorption results mainly in a
shift, too, the broadening of the distribution is rather small. The height resolution was chosen as
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90 m, temporal resolution was 30 s.

For the purpose of this statistical investigation the following atmospheric regions were distin-
guished: planetary boundary layer (PBL), entrainment zone (EZ), lower (LFT) and upper (UFT)
free troposphere. These layers were also determined from the time height distribution of DS. Fig-
ure H.4 shows an example of this distribution for July 1, 1993, 09:45 to 11:30 UT measured in the
lower troposphere.
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Figure H.4: ÄLRMP - R2) for 2» = 292 nm. July 1, 1993 09:45 to 11:30 UT.

The off-line signals (292 nm) were suitable for evaluation in the region from about 285 m to 1800
m altitude. The lowest layer up to 660 m, where no direct mixing with free tropospheric air was
observed, was designated as PBL.

The region from 660 m to 1500 m, where rather strong negative aerosol gradients occurred, was
called entrainment zone (EZ), and the region up to 1800 m was considered to be the lower free
troposphere (LFT). Certainly these assignments are somewhat arbitrary, in particular because of
the clearly visible temporal development of the PBL—height, which rose by about 500 m within
1:45 hours of measurement. But for the purpose of this investigation the assignments are consid-
ered sufficiently accurate.

In figures H5 and H6 the cumulative distribution functions for D8 are shown for the different
regions. Also indicated are the intervals for 68% and 95% probability to find values between these
limits. Ds does not exhibit a normal distribution, which is clearly visible e. g. from abrupt changes
of the slope. A normal distribution is not expected, since gradients in the aerosol distributions can
originate from different processes, which will affect the distribution function in different portions.
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An important feature of the measured distribution is that large values of the gradients occur more
frequently than expected for a normal distribution. The observed shift to negative gradients is not
important here, since it is a result of the neglection of Rayleigh extinction and ozone absorption at
9» = 292 nm. Hence only the width of the distributions should be examined here.
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Figure H.5: Cumulative distributiou function for Ds = (1%a - R2), 7t = 292 nm, for the bound—
ary layer (BL) and entrainment zone (EZ).

Table H.3 summarizes the observed widths ADS for the different atmospheric regions, for both
68% and 95% confidence. The table also contains the estimated error in the ozone retrieval,
assuming that the error is 35% of the correction according to equation (H.8)

(H.9)

This yields

3 —2Smog: 1.4- 10 ug-m -ADS

for the wavelength pair 268/292 nm, and
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3 —25p03z3.0- 10 ug-m -ADS

for 277/313 nm.
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Figure H.6: Cumulative distribution function for DS = dE—RhflP - R2) ‚ Ä = 313 nm, for the lower
and upper troposphere.

Table H.3: Confidence intervals (68% and 95%) for .05 = %ln(P~ R2), and for the corresponding
error in the ozone retrieval, 590 , for the boundary layer (BL), entrainment zone (EZ)
and lower (LFT) and upper (UFJI‘) troposphere

atmospheric region ADS, 68% ADS, 95% 5p03, 68% 5903, 95%

BL 5.3 . 10'4 m'1 1.9 . 10'3 m" 0.8 pg . m'
EZ 1.6 - 10'3 m'1 6.0 . 10'3 m" 2.3 ug . m'
LFT 4.8 . 10'4 m"1 2.4 - 10-3 m1 1.4 „g . m'
UFT 3.6 .10'4 m'1 1.8 -10'3 m'1 1.1ug . m'

2.7 ug - m'3
8.6 ug - m"3
7.2 11g . m'3
5.4 pg - m'3

w
w

w
u

The 68% confidence intervals are rather small in all atmospheric regions, the resulting error is
likely to be about 1 ug 0 m3, except for the entrainment zone, where the large gradients may
cause errors twice as large. The 95% confidence intervals are 3 to 5 times larger, again showing
that the distribution is not normal. The largest errors again occur in the entrainment zone, almost 9
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ug ° m'3, but the errors expected in the free troposphere are not much smaller either. In part this is
due to the fact that here the wavelength pair 277/313 nm had been used, for which the sensitivity
to aerosol gradients is more than doubled compared to 268/292 nm. On the other hand this reflects
the fact that in the free troposphere aerosol layer with sharp boundaries and hence strong gradi—
ents do occur.

The extreme values of the distribution functions shall not be examined in further, since it cannot
be excluded that some outliers entered the data set. In particular some data points from cloud
boundaries may be included, where extremely large aerosol gradients are observed.

For the presentation of averaged profiles the 68% confidence limits are considered appropriate.
The results obtained here clearly show that mean profiles can be determined with excellent confi-
dence. For process studies, however, errors may be important which occur much less frequently,
hence the 95% confidence limits are certainly more appropriate. For the boundary layer even the
errors for 95% confidence are rather small, 2.7 ug m'3, but in the entrainment zone and at the
boundaries of aerosol layers in the free troposphere one should be careful with the interpretation
of high resolution ozone lidar data.

H.1.9. Possibilities for further error reduction

The accuracy which can be achieved using the above mentioned correction schemes is certainly
sufficient for a broad range of applications, e. g. for trend analysis, classification of vertical pro—
files, or studies of regional differences. For other applications, however, the remaining errors may
be too large for permitting a detailed process study. Examples are studies of exchange processes at
the top of the boundary layer (entrainment), and the impact of convective clouds on the ozone dis—
tribution. In particular for the latter case one is concerned with the detection of small differences
in the ozone density in regions with large differences in the aerosol content and in aerosol scatter-
ing properties. Because the lidar technique is particularly well suited for such investigations with
respect to high temporal and spatial resolution and because of it’s ability to yield continuous
measurements, techniques have been explored which allow further reduction of aerosol-induced
errors. These techniques require additional measurements to be performed.

The main problem of the standard DIAL technique is that one has two sets of measured quantities
(as a function of height), but at least five sets of unknowns: the ozone density, the aerosol extinc-
tion and backscatter coefficients, and at least one parameter each for the wavelength dependencies
of the latter two parameters, e. g. the Angstrom—coefficients ka and kß. T0 solve this problem it is
usually assumed that the lidar ratio SL = Otp/ßp is known (in principle for each height individually,
but mostly a constant value is assumed because better information is lacking), and that the wave-
length dependencies of Otp and ßp are given by Ängström laws with the know parameters km and
kß, which again are usually assumed to be independent of height.
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An a additional information about the unknown aerosol parameters may be obtained by measur-
ing the Raman-scattering of a gas of known density. Raman-scattering of either nitrogen or oxy—
gen may be used for this purpose, the larger Raman—scattering cross section of oxygen by and
large makes up for the lower density. Raman measurements have the distinct advantage that hey
allow a retrieval of the aerosol extinction coefficient independently from the backscatter (Ans-
mann et al., 1992b).

The use of Raman measurements for improved correction of ozone measurements was first stud-
ied by Papayannis et al. (1990). He described an iterative solution, where first the extinction coef-
ficient was calculated from the Raman measurement, then the Klett—inversion technique was used
to calculate the aerosol backscatter, and finally the correction for the ozone retrieval was applied.

Matthias et a1. (1994) described an analytical solution for the system of equations formed by three
lidar equations, two for elastic scattering and one for Raman-scattering. The analytical method
revealed that in general two solutions exist, but mostly only one yields realistic values. The advan-
tage of the analytical inversion is that both solutions are obtained, from which the most appropri—
ate may be chosen. When the iteration scheme is used there is little chance to determine which of
the two solutions are approached.

An analytical solution also exists for the case that three elastically scattered signals at three differ-
ent wavelengths are measured. Then at least in principle one parameter of the wavelength depend—
encies of aerosol scattering properties can be derived from the measurements. Simulations show
that all these three-wavelengths-techniques yield better accuracies compared to the standard
DIAL. In particular the error is confined to the region of aerosol inhomogeneity rather than prop—
agating into other parts of the profile as observed for the standard DIAL (Bösenberg et al., 1996).
But even with these techniques the remaining error may be rather large.

For some applications at least this error may be further reduced by applying the so-called Raman.-
DIAL—technique, which has been used successfully for stratospheric measurements (McGhee et
al., 1993). In this technique Raman measurements at two wavelengths are used, hence it is com-
pletely independent from aerosol backscatter. In addition to the ozone differential absorption only
a small differential aerosol extinction enters the analysis. As explained before this error is much
smaller than that caused by differential aerosol backscatter, and it can be very much reduced by
proper choice of wavelengths.

The major disadvantage of Raman measurements is the long integration time necessary because
of the small Raman-scattering cross section. This is true already for the “Raman-assisted—DIAL“,
where one Raman measurement only is used for an independent retrieval of the aerosol extinction.
For the Raman-DIAL—technique the necessary integration times are even longer, since much bet-
ter accuracy is required due to the necessary differentiation.

Up to now there is no clear evidence which of the different techniques will provide the optimum
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reduction of errors in regions of inhomogeneous aerosol distribution. This is made particularly
difficult by the fact, that in regions of inhomogeneous aerosol distribution also an inhomogeneous
ozone distribution is expected, such that high resolution measurements are required in order to
avoid errors caused by averaging (see section B.6.2. 1). Probably the best solution will be a combi-
nation of the standard DIAL with high resolution and a determination of aerosol properties from
Raman measurements with low resolution.

H.1.10. Intercomparison measurements

From the full analysis of the DIAL technique it is evident that there is a number of sources of
errors. There are both unavoidable errors due to unknown aerosol properties and instrumental
errors due to the very demanding requirements with respect to signal acquisition. It is therefore
very important to check the overall performance of the system in actual atmospheric measure-
ments under realistic conditions by comparison to other instruments. However, as for any meas-
urement of the vertical distribution of some atmospheric parameter an accurate intercomparison is
rather difficult to perform, since it is not possible to just operate a calibration standard at the
desired altitude with the desired spatial and temporal sampling properties. Hence even intercom-
parison experiments will yield only approximate estimates for the achievable accuracy.

The DIAL system of the MPI has been involved in two major intercomparison experiments. From
the first exercise, TROLIX ‘91, performed at the RIVM in The Netherlands, only the intercompar—
ison between the horizontally pointing lidar and in-situ measurements with a UV—photometer at
20 m height shall be presented here. This type of intercomparison is important because the result
shows which accuracy can be achieved in regions of homogeneous aerosol distribution. The UV-
photometer is regarded as a very precise and stable instrument, repeated calibrations have shown
errors less than 3 ug m'3. The differential aerosol backscatter does not play a role in these meas-
urements, since the aerosol may safely be regarded as horizontally homogeneous when suffi-
ciently long time averages are taken. Figure H.7 shows such an intercomparison for a period of
eight hours, the measurements were amended by lidar measurements of the Lund Institute of
Technology and by DOAS—measurements (Differential Optical Absorption Spectroscopy) per—
formed by the IVL Goteborg. The range resolution was 150 m for the lidar, the temporal resolu-
tion 15 min for all instruments. The agreement between lidar and UV—photometer is excellent, the
mean difference is 2.2 ug m'3 only. The agreement with the other instruments is very good, too.
Further details of this experiment are described in detail in Bosenberg et a1. (1993).
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Figure H.7: Intercomparison between MPI—lidar, UV—photometer, Lund-lidar, and IVL-DOAS
during TROLIX ‘91.

The second series of intercomparisons has been performed at the Observatory of the German
Weather Service in Lindenberg. The main objective of this experiment was to assess the accuracy
of high resolution measurements in the boundary layer, which are particularly difficult because of
the highly variable aerosol content. Because of the rather large variability of the ozone density in
the lower troposphere, e. g. changes of up to 15 ug m'3 within 1 minute have been observed, care-
fully prepared ECC—sondes (Vaisala ECCSA) attached to a tethered balloon have been operated
for extended periods of time for the intercomparison. For the measurements it was attempted to
keep the altitude of the sondes as constant as possible. For a longer time series the moments of the
distribution, in particular mean and variance, should not depend on the exact location of the
instruments. Hence by comparing mean values the uncertainty can be removed which is always
contained in comparison of instantaneous values measured at different locations. The intercom-
parison of variances also allows an assessment of accuracy for the high resolution measurements.

Table H.4 shows the differences between mean values from sonde and lidar measurements for six
time series.
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Table H.4: Intercomparison between lidar and tethersonde. The mean difference of measured
ozone densities, the standard deviation of differences for 1—minute measurements, and
the standard deviations of the individual time series, also based on 1-minute values,
are presented.

Date time
interval

UT

altitude
range

m

wave—
length
pairs

nm

mean
differ-
ence
lidar-
sonde
rig/m3

standard
deviation
of differ—

ence

Lia/m3

§()3
lidar

50,
ECC-
sonde

08.06.94
08.06.94
08.06.94
14.06.94
14.06.94
20.06.94

3:32 - 4:21
8:34 - 10:10
14:04 - 15:01
14:44— 15:19
19:22 - 19:45
15:47 — 15:52

270-330
720—330
400—490
310-400
200—260
210-300

268/292
268/292
268/292
277/313
277/313
268/292

— 0.1
2.3
1.9
5.8
— 6.7
— 4.4

5.6

Differences of mean values between —6.7 and +5.8 ug m'3 have been observed, corresponding to
relative deviations of -5.6% and +6.0%. Individual differences may be larger. For the extended
time series also the standard deviations of the differences based on 1—minute values are indicated.
This standard deviation mostly is not significantly larger than the differences of the mean, with
one exception. This result is very satisfying, considering the fact that the 1-minute values still
contain differences due to the slightly different position of the probed volumes. The measure-
ments demonstrate very clearly that there is no systematic bias of either lidar or sonde measure-
ments.

For the four measurements extending sufficiently long in time also variances and variance spectra
were calculated, using averages of l-minute resolution for both time series. This averaging was
necessary because the original sonde readings were not equidistant. Table H.4 shows that in three
out of four cases the variances of the lidar measurements were considerably larger than those of
the sonde measurements, only for one case it was the other way round. The variance spectra, not
shown here, revealed that this was neither due to a too long time constant of the sonde nor to an
increased noise level of the lidar (Grabbe et al., 1996). A detailed examination of the atmospheric
conditions showed that the increased variance of the lidar results is most probably due to the
incomplete aerosol correction. The more inhomogeneous the aerosol distribution was, the larger
was the observed additional variance in the lidar results. This demonstrates the limits of achieva-
ble accuracy in DIAL measurements in regions of spatially and temporally inhomogeneous aero-
sol distribution.
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H.2. Ozone lidar applications

Measurements of the ozone vertical distribution in the troposphere with a lidar instrument are use-
ful for a broad range of applications. Possible applications range from regular measurements of
mean profiles to establish a long term statistical data set, via studies of the diurnal variations
under different conditions, to investigations of the turbulent vertical transport. Some results of
such studies shall be presented in the following section.

H.2.1. Long term statistics

The ozone lidar of the Max-Planck—Institut für Meteorologie has been used for numerous meas-
urements since 1991, most of them were performed in the frame of the TOR subproject of the
European cooperative project EUROTRAC. These measurements, which have been performed
under a variety of meteorological conditions in all seasons, can be used to determine some statis-
tical properties of the ozone distribution in the lower troposphere.

To establish a suitable data set a large number of profiles have been evaluated, mostly as an aver—
age over 10 min. The atmospheric stratification for each case has been determined from the off-
line backscatter signals and sometimes also from radio soundings. A coarse distinction between
boundary layer (PBL) and lower free troposphere (LFT) has been made. For the purpose of this
study the so called residual layer, which is the atmospheric layer remaining from the daytime con—
vective PBL during the following night has been labelled as PBL, too. In this layer the ozone dis—
tribution of the previous day can be preserved without detectable Change for the whole night if
mixing is largely suppressed.

Figures HS and H9 show the statistical distribution for the PBL and LFT. Both individual data
and monthly averages are indicated. The dashed lines represent weighted averages, which result
from making daily averages first before forming the monthly means. This has been made to avoid
that the relatively large number of measurements performed purposely on specific days during
ozone episodes introduce a bias in the averages. Apparently this bias is only small.

It should be noted, however, that the weather conditions under which the measurements have been
performed were selected in so far that lidar observations are not possible in the presence of low
clouds or precipitation. deBacker et a1. (1994) have shown that the results are unbiased only if the
measurements are performed up to a cloud coverage of 6 octas. This was not attempted in our
study, but the data do include measurements for such large cloud coverage.
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Figure H.8:

Figure H.9:
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The most striking feature of the results is the relatively high value of the ozone density in the free
troposphere of about 80 ug m'3 during the whole year, even in winter. The annual cycle in the free
troposphere is much less pronounced than at the ground, with a maximum of about 90 itg m'3 in
late spring and a minimum of about 75 ug m'3 in late fall. Large deviations from the average
mainly occur during spring and summer, both towards higher and lower values. Such high values
in the free troposphere all over the year have also been observed at other stations (deMuer, 1995;
Ancellet, 1995). The relatively small temporal and spatial variability make evident that the
observed high ozone concentration is not caused by local effects. In the free troposphere ozone
production is attributed mainly to oxidation of CH4 and CO with NO serving as catalytic con-
verter (Crutzen, 1979; Seiler and Fishman, 1981). The permanently high values clearly evidence
that the pollution of the atmosphere with precursor gases is permanently high at least for the
Northern Hemisphere.

Table H.5: Regression analysis for ozone in the lower free troposphere and at ground level. Linear
regressions of the form y = cl + c2 . x have been calculated for x = temperature T,
relative humidity r, and wind speed ff. A periodic function of the form y = 01 + 02 cos
(2?: 0 x + 03) has been fitted for y = number of day/365 and for the wind direction dd/
360. T is the correlation coefficient, f the fraction of variance explained by the
regression, or the standard deviation of the residuals, and 5d the standard deviation of
the original data set.

Lower free troposphere

C1 C2 C3 1) 5r öd

Mg/m3 LLg/m3 T Lia/m3 Lia/I113
82.8 — 6.92 0.5 10.86

Parameter

number of - 0.32 0.05
day/365

T 85.6

r 87.6

ff 84.5

dd/360 83.1

0.68/K'1
— 0.10
-0.13/m'1°s
— 7.26

0.40

— 0.20

— 0.06

- 0.47

0.08

0.02

0.00

0.12

10.50

11.22

11.43

10.09

11.45

0.42

Ground level

0.51number of 62.1 - 29.50 0.23 0.20 21.15
day/365

T 54.4 1.95/K'1 0.58 0.19 21.43 26.34
1' 123.6 - 0.87 - 0.59 0.19 21.25

ff 49.51 3.45/m'1-s 0.35 0.06 24.69

dd/360 62.9 7.23 0.38 0.02 0.01 25.99
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In addition to the correlation of the ozone density with the time of the year the correlation with
simple meteorological parameters has been investigated. Table H.2.l provides an overview over
these results.

The table clearly shows that only a small fraction of the observed variance can be explained by the
correlations studied here. The dependencies as established by the given correlations are statisti-
cally not significant. Actually for the ground level observation the correlations with season, tem-
perature, and humidity are statistically significant, but hey are mere manifestations of the well
known fact that elevated ozone concentrations are often observed in summer on warm and dry
days. Hence the analysis of correlations does not bring about any new explanations for the varia—
bility of the ozone concentration. Since it is already well known that the formation and destruction
of tropospheric ozone is the result of a complex reaction scheme involving many trace gases and
different time scales, this result is not at all surprising. The ozone concentration at a given location
is the result of a long and complex development at different locations and times. It cannot be
expected that this can be described simply by correlation with one of the basic meteorological
parameters.

H.2.2. Development of the ozone distribution during an ozone episode

High ozone concentration in the lower troposphere is mainly observed during so called ozone epi-
sodes, which are characterized by high atmospheric pressure in conjunction with larger scale sub-
sidence, high insolation, high temperature, low humidity, and little exchange of air masses. The
processes which control the ozone concentration under these conditions are of particular interest
because of the adverse effects of extreme ozone concentrations.

The ozone concentration in the lower troposphere is dependent on photochemical processes as
well as on horizontal and vertical exchange. Observations at ground level only, as provided by the
standard networks measuring air quality, do not provide the information which is necessary to
separate the effects of the above mentioned processes. But this becomes possible when the tempo-
ral development of the vertical distribution of ozone is measured, either with tethersondes
(deMuer et al., 1990) or using DIAL.

The principal features of the diurnal development of the boundary layer under the conditions of an
ozone episode has been described in a simple model by Stull (1988). Here three regions are distin-
guished within the boundary layer: during daytime a strongly turbulent, convectively mixed layer,
during night-time a near neutral residual layer comprising the upper part of the previous days
boundary layer, and a stable nocturnal boundary layer close to the ground in which mixing is
almost completely suppressed. With the onset of convective mixing in the morning, starting from
the ground, the residual layer with enhanced ozone concentration will get mixed with the bottom
layer, where most of the ozone has been destroyed during the night by deposition at the surface.
Therefore the ozone concentration at the ground strongly increases when the convection starts,
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while it decreases in that part of the residual layer which is involved in the mixing process. This
continues until the residual layer is completely “eaten up“ by the newly developed convective
boundary layer.
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Figure H.10: Diurnal cycle of the ozone density in selected height levels on June 30, 1993.

Figure H.10 shows an example which is typical for such a development. The altitude of 675 m is
still within the residual layer until about 10:30 UT, at about 12:30 UT the mixing with the new
boundary layer is about complete at this height. The mixing of air from the residual layer into the
new boundary layer still continues after that until about 13:30 UT, so that the observed strong
increase of the ozone concentration at the ground is caused mainly by mixing in the beginning,
but later also by ozone production in the boundary layer. In this particular case the residual layer
had vanished completely at about 13:30 UT. The most important aspects of this development are:

The residual layer is largely decoupled from the ground during night, there is virtually no
ozone destruction within the residual layer.
During the night the ozone destruction at the ground affects the shallow stable boundary
layer only.
Because of the largely suppressed mixing the ozone concentration at the ground can be very
low.
The increase of ozone density before noon in the lower layers is largely caused by mixing
with the residual layer, from the rate of increase alone it is not possible to deduce a produc-
tion rate.
The free troposphere remains almost unaffected, the strong inversion apparently suppresses
the exchange between boundary layer and free troposphere very effectively.
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H.2.2.l. Measurement of the ozone budget

It has been explained above that the measurement of time series at a single height is not sufficient
to determine a production rate for ozone, at least the vertical transport has to be considered, too.
The mass budget in a turbulent boundary layer is described by the following form of the continu—
ity equation, assuming that molecular diffusion, compressibility of the air, and horizontal compo—
nents of the flux divergence can be neglected:

350, _3903 _aÖo‚ Bw'p03' —a; +u ax +w 32 + a: = S03 (H.10)

where 9—03 is the ozone density, x the coordinate in the wind direction, 2 the vertical coordinate,
w'p'O3 the turbulent vertical ozone flux, and $03 the source term for ozone. The neglection of the
horizontal components of the flux divergence is the most critical assumption, which is not always
justified. In particular when the sources for precursors are inhomogeneously distributed, or in the
presence of clouds, these terms may not be negligible. Such flow fields cannot be characterized by
measurements at just one location, four-dimensional temporally and spatially extended measure-
ments have to be performed for a full characterization. In the case of horizontal homogeneity,
however, equation (H. 10) is valid, in this case the source term is determined by the sum of tempo-
ral change, horizontal and vertical advection, and vertical flux divergence. The temporal change
of the ozone density can be measured using the DIAL technique. Under a certain range of meteor—
ological conditions the turbulent flux of ozone can be measured directly by combination of high
resolution measurements of the vertical ozone distribution and of the vertical wind profile. These
measurements can be performed at several heights simultaneously in a major part of the boundary
layer (Schaberl, 1995; Senff et al., 1996), such that the vertical flux divergence can be calculated.
The vertical advection cannot be measured directly, but a value for the mean vertical wind w may
be obtained from the analysis of the weather services, the gradient of the ozone density is meas-
ured by the lidar. In the case of horizontal homogeneity we then have available from measure—
ments all terms which are necessary to calculate the source term for ozone. For measurements of
the horizontal advection at least one additional lidar located upstream is necessary.

Hence the high temporal and spatial resolution of the lidar measurements, in conjunction with
continuous operation, and in combination with another remote sensing instrument to measure the
vertical wind, make it possible to determine vertical profiles of ozone production or destruction in
the convective boundary layer.

This method has been developed at the Max—Planck—Institut für Meteorologie and has been tested
during a period of high ozone concentration in the summer of 1993 (Senff et al., 1996, Schaberl,
1995). The measurements were performed in the joint test area of the Max-Planck—Institut für
Meteorologie and of the Meteorologisches Institut of the University of Hamburg, which is located
at the air field “Hungriger Wolf“ in the vicinity of the city of Itzehoe. For a description of that site



—108—

the reader is referred to Bösenberg (1994).
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Figure H.11: Ozone budget in the boundary layer on June 30, 1993, 11:34 — 13: 14 UT. The tem-
poral rate of change, the vertical flux divergence of the ozone concentration, and
the calculated ozone production rate are shown. For the latter error estimates are
included, both for the instrumental errors (x) and for the sampling errors (-0.

Figure H.11 shows vertical profiles of the individual terms of the budget for June 30, 1993, 11:34
— 13:14 UT, which have been derived from combined DIAL and Radar/Rass measurements. At
this time the ozone concentration in the upper part of the boundary layer is still strongly decreas-
ing, up to 8 pg m'3 h'l, obviously due to redistribution from top to bottom, as may be seen from
the flux divergence profile. The vertical advection did not play a major role in this case. The pro—
file of the ozone production is about constant at 5 ug m'3 h'l, perhaps with a maximum at about
0.6 of the boundary layer height 21, and a decrease at the top of the boundary layer which is rather
uncertain due to the relatively large measurement errors. The observed pattern is very plausible;
the precursor gases can be assumed to be rather well mixed at this location, the radiation needed
for photochemical production is almost constant with altitude, too. At the ground the source term
should be somewhat smaller due to ozone destruction of the surface.

Figure H.12 shows the diurnal cycle of ozone production on June 30, 1993. The three profiles
measured at about 11, 12, and 14 UT show ozone production all over the boundary layer between
about 3 and 10 ug m"3 h'l. In the late afternoon the ozone destruction dominates at ground level,
while at greater heights still ozone is produced. In the evening ozone destruction is observed eve-
rywhere in the BL, but much more pronounced at ground level, -10 ug m"3 h'l, as compared to
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greater heights where values of about -2 pg m'3 h'1 were observed. Again the observed pattern is
very plausible and is supported by the existing theories of the processes involved. But in this
experiment for the first time the production rates have been measured directly. The errors in the
derived production rates are relatively large, but in systematic studies they may be greatly reduced
by repeating these measurements under similar conditions. The errors are mainly of random
nature, they are caused by the small number of convective cells which actually cause the vertical
transport. Ground based remote sensing is particularly suited for such repeated measurements due
to the relatively small effort needed to run the systems.
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Figure H.122 Diurnal cycle of the ozone production rate in the boundary layer on June 30, 1993.

H.2.3. Impact of clouds on the ozone distribution

The chemical processes governing the production and destruction of photo-oxidants are different
in clouds as compared to cloud free regions. The different radiation flux and in particular the
interaction with cloud droplets or ice crystals have a marked influence on e. g. the ozone concen—
tration. Since wet deposition goes through the stadium of cloud droplets, too, a detailed knowl-
edge of cloud processes is very important. Because of the complex cloud structure the influence of
clouds is hard to assess quantitatively through actual measurements. In situ measurements require
a large effort, in particular when simultaneous measurements in different heights are required. For
such cloud studies lidar measurements can be very useful, since continuous measurements below
and between clouds are possible, which can reveal the modification of the ozone distribution by
the cloud processes. Such measurements have not yet been performed in a systematic way, mainly
because the necessary correction for differential aerosol backscatter and extinction is still too
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uncertain to yield reliable results in regions of strongly inhomogeneous aerosol distribution in the
vicinity of clouds. Improved correction methods using elastic scattering at several wavelengths
and/0r Raman-scattering are currently under development, as explained in section H.1.9.

One example based on the standard DIAL technique shall be presented here to demonstrate which
kind of processes can be studied by lidar provided that sufficiently accurate measurements can be
performed in regions of strong aerosol gradients. For this purpose figure H. 13 shows time-height
distributions of 1n (P o R2), reflecting the aerosol distribution (upper panel), and of the ozone den-
sity (lower panel), In the backseatter signal a layer of small isolated cumulus clouds above about
900 to 1100 m altitude is clearly visible. The clouds are optically dense, the lidar signal is
absorbed rapidly within the clouds, so that no measurements are possible beyond the clouds.

Below and between the clouds the ozone density can be measured up to 2000 m altitude. High
values of ozone below the cloud base in the updraft regions are clearly visible, while between the
clouds, and in regions where downdrafts may be assumed, the ozone concentration apparently is
smaller. In the region of the cloud tops again elevated ozone values are observed. If these meas-
urements can be confirmed by measurements with improved accuracy, they can be used to deduce
the ozone destruction in clouds. In conjunction with measurements of the wind field this destruc-
tion can be quantified, but for a full understanding of the processes causing this destruction meas-
urements of more substances in the cloud region are required.
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I. Summary and conclusions

In this paper the methodology of laser remote sensing of the atmosphere using the technique of
differential absorption and scattering has been studied in detail. A general solution for a broad
range of applications has been presented and extensively discussed, as well as approximate solu-
tions for the most applications.

In particular it has been demonstrated that for applications involving narrow absorption lines of
e.g. water vapor or oxygen in the near infrared all details of the spectral distribution of both the
transmitted and the backscattered light have to be accounted for in order to reach the required
accuracy. This puts stringent requirements on the spectral properties of the laser, which can be
met only since very recently. The inhomogeneity of the aerosol distribution in the atmosphere has
a large influence on the accuracy which can be achieved in measurements where either narrow
absorption lines or broad absorption bands with little structure are involved. From measured data
sets it has been deduced that ozone measurements in the troposphere are mostly possible with
good accuracy, provided that the wavelengths used for the experiment have been chosen properly
and that the necessary corrections have been applied during the evaluation. This result is con-
firmed by carefully performed intercomparison experiments. Improved methods which are cur-
rently under development are necessary only for special purposes.

A mandatory condition for achieving high accuracy in water vapor measurements is the careful
application of the RayleighDoppler-correction. At least for a certain range of conditions the
uncertainty caused by this effect is the major source of error. This is even more pronounced for
temperature measurements using oxygen absorption, where this uncertainty makes measurements
performed with the standard technique almost useless. In order to avoid this problem it is sug-
gested to use narrowband detection in addition to narrowband laser transmission. This will make
the effective absorption cross section independent of the details in the spectral distribution of the
backscattered light. The requirements for both heterodyne and direct detection are briefly pre-
sented and discussed. Using this modified DIAL technique will permit both high accuracy water
vapor measurements under all conditions where lidar measurements can be performed at all, as
well as high resolution temperature measurements with a level of precision which is sufficient for
process studies.

The method has been demonstrated to be suitable for water vapor measurements throughout the
troposphere, and particularly suitable for high resolution measurements in the boundary layer. For
day-time measurements the DIAL technique is clearly superior compared the Raman measure—
ments, for night-time observations it is the other way round.

Ozone measurements have been performed regularly over a period of several years, routine meas-
urements now require relatively little effort. The data set presently comprises four years of meas—
urements, it has been used for studies of the dependence of tropospheric ozone concentration on
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meteorological parameters. An important result is the observation that the ozone concentration in
the lower free troposphere is rather high around 80 pg 111'3 all over the year, showing little varia-
bility and annual cycle only. This result, which is confirmed by measurements at other stations,
suggests that the ozone distribution in this layer is spatially homogeneous, too. Hence the sources
for this high level of ozone have to be distributed on a rather large scale as well. Apparently the
pollution of the atmosphere has reached such a high level that probably at least in a larger part of
the Northern Hemisphere a critical ozone level is permanently reached.

Another result is that correlations with simple meteorological parameters are not significant to a
degree which would permit a reliable forecast of the ozone concentration. Except for the well
known fact that high pressure systems in summer, associated with larger scale subsidence, strong
insolation, high temperature, and low humidity will cause periods with high ozone concentration,
the correlations which have been investigated do not lead to any useful conclusion. However, this
result was expected, since ozone is formed by a complex process involving many precursors and
photochemical reactions as well as atmospheric transport processes. Lidar measurements are
demonstrated to be particularly suitable to separate the influences of transport from chemical
reactions, because of the continuous high resolution measurement capability.

It is also shown that lidar measurements can be used to study turbulent transport processes
because of the high spatial and temporal resolution which can be achieved in conjunction with
high accuracy. The vertical transports of water vapor and ozone have been measured directly in
the boundary layer under convective conditions using the eddy correlation technique. For these
measurements the corresponding DIAL systems were used in combination with a Radar/Rass
which provides high resolution measurements of the vertical wind. A major advantage of this
method is that vertical profiles of the vertical transport are obtained such that the flux divergence
can be calculated, too. In the ozone case this has been used for the first time to determine the indi-
vidual components of the ozone budget under conditions of negligible horizontal advection. From
these measurements it was possible to deduce ozone production rates as a function of height in the
boundary layer.

After proving the general capability of the DIAL technique for investigating turbulent transport
processes further improvement of this method is desirable. First priority should be given to an
improvement of both temporal and vertical resolution. This is required for applications where
smaller eddies contribute significantly to the transport. There are some possibilities to achieve
such improvements. In particular for water vapor measurements the average transmitted power
can be increased significantly, the laser development is just at the beginning regarding this aspect.
Also for the ozone system an increase in average power by increasing the repetition rate appears
feasible. Another possibility is the use of bigger telescopes. In addition for a restricted height
range better vertical resolution may be achieved by using a stronger absorption line. The combi-
nation of these actions will lead to a considerable expansion of the range of applicability of the
eddy correlation technique in remote sensing.
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Routine operation of water vapor DIAL measurements in the whole troposphere require an
improved reliability of laser performance. In principle this is possible with the system presently
used, since only long-life laser material is used, and since the resonator construction has proven to
be very stable. Presently problems are encountered with the pump chamber of the pulsed ampli—
fier, with the cooling system, and with the argon ion laser used for pumping the cw master laser.
The latter will soon be replaced by a solid state laser for which high reliability has been demon—
strated. The other problems are mainly of technical nature and should be fixed in the near future.
A very reliable operation is expected when these improvements are incorporated.

The ultimate restriction for the achievable accuracy in water vapor measurements using the stand—
ard DIAL technique is caused by a residual uncertainty of the Rayleigh-Doppler—correction in
regions of inhomogeneous aerosol distribution. To solve this problem it is suggested to use a very
narrowband filter in the receiver optics, which reduces the receiver band width to those values
which have already been reached for the laser transmitter. Then the Rayleigh-Doppler-correction
becomes obsolete, which will significantly increase the accuracy of the measurements and signif-
icantly decrease the complexity of the data evaluation.

This suggested HSRD—method (High §pectral Resolution DIAL) will also make it possible to per-
form high resolution temperature measurements using the temperature dependence of oxygen
absorption in the A—band in the near infrared. Only if the detection bandwidth is restricted to
about 60 MHz this method, which has been in the discussion for a long time already, will yield
accurate results.

As a special variant of the HSRD it is suggested to use heterodyne detection as a narrowband filter
in the receiver. Besides many advantages with respect to the detector this technique also has dis-
advantages, mainly due to the different signal statistics. A detailed study is needed to assess the
relative merits of heterodyne detection, but certainly the possibility of obtaining simultaneous
measurements of water vapor or temperature as well as vertical wind speed, which is facilitated
by simultaneous measurements of amplitude and frequency of the backscattered field, makes this
technique very attractive. But detailed studies will have to be performed before this method will
be ready for application.
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K.1 Appendix
List of Symbols and abbreviations

A

Ahet

receiver area
effective receiver area for heterodyne detection
area of a “speckle“ element
area of a “speckle“ element due to scintillation
molecule constant describing rotational levels
bandwidth in heterodyne detection
absorption cross section
extinction cross section
scattering cross section
structure constant of atmospheric refractive index fluctuations
gradient of the range corrected signal, DS = d/dR In (P - R2)
vector of an electric field
intensity
intensity of scattered light polarized perpendicular to the plane of incidence
intensity of scattered light polarized parallel to the plane of incidence
rotational quantum number
scattering ratio, Ks = ß/(ßIn + ßp)
factor accounting for depolarization of molecular scattering
mean molecular mass of air
molecular mass of ozone
particle density
size distribution
Fresnel numbers
power of radiation
laser power
apparatus constant, P0 = PL
distance
absorption line strength
lidar ratio, SL = OL/ß
inverse scattering ratio, SL = l/KS
source term of ozone
temperature
temperature for standard conditions
transmission at wavenumber v
transmission due to molecular and particular scattering
transmission due to gaseous absorption
transmission for the path from the laser to the scattering volume
transmission for the path from the scattering volume to the receiver

2
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g(V)
gR(V)
h(v — v’, R)

p(®‚ (D)

g
g

§
é

<
<

x
w
fl
p
fi
h

particle radius
mean polarizibility of a molecule
change of mean polarizibility for Raman scattering
scale height of the water vapor profile in a standard atmosphere
parameter of the Voigt-function
halfwidth of the laser radiation
halfwidth of Rayleigh-scattering
corrected halfwidth of Rayleigh-scattering
Gaussian beam radii of transmitted and reference beams
halfwidth of an absorption line due to collison broadening
halfwidth of an absorption line due to Doppler broadening
speed of light
correction factor for Brillouin scattering
frequency
parameter of the Voigt—function
normalized distribution of spectral density
spectral density of Rayleigh backscatter
spectral density of total backscatter
unit of the imaginary part of complex number
wave vector
wave number
Boltzmann’s constant
Angstrom—coefficient for the wavelength dependence of ocß
Angstrom—coefficient for the wavelength dependence of ßp
exponent of the temperature dependence of the absorption line strength
spectral density of laser radiation
exponent of the temperature dependence of collision broadening of absorotion
lines
complex index of refraction
pressure
pressure under standard conditions
phase function
mixing ratio
time
velocity vector
velocity
vibration quantum number
speed of sound
thermal velocity
vertical wind
complex error function
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Abbreviations

ASE Amplified Spontaneous Emission
BELINDA Broadband Emission Lidar with Narrowband Determination of Absorption
CNR Carrier to Noise Ratio
DIAL Differential Absorption Lidar
EUROTRAC European Experiment on the Transport of Transformation of Environmentally Rel-

evant Trace Constituents over Europe
EZ Entrainment Zone
FWHM Full Width at Half Maximum
GEWEX Global Energy and Water Cycle Experiment
HSR-DIAL High Spectral Resolution DIAL
HWHM Half Width at Half Maximum
Lidar Light Detection and Ranging
LFT Lower Free Troposphere
MOPA Master Oscillator - Power Amplifier
PBL Planetary Boundary Layer
RASS Radio Acoustic Sounding System
SLM Single Longitudinal Mode
SNR Signal to Noise Ratio
TESLAS Tropospheric Environmental Studies by Laser Atmospheric Sounding
TOR Tropospheric Ozone Research
UFT Upper Free Troposphere
UT Universal Time
WCRP World Climate Research Programme
WMO World Meteorological Organization
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A(v, p, T)

Le
gu

an
ee

nn
extinction coefficient
scattering coefficient
absorption coefficient
absorption coefficient of a gas
extinction coefficient due to molecular scattering
extinction coefficient due to particle scattering
extinction coefficient due to Raman-scattering
backscatter coefficient
backscatter coefficient of molecular scattering
backscatter coefficient of particle scattering
backscatter coefficient of Raman-scattering
temperature coefficient of the absorption cross section
anisotropy of molecular polarizibility
change of anisotropy of molecular polarizibility for Raman-scattering
standard deviation
energy of a molecular state
efficiency
antenna loss factor
wavenumber
wavenumber of transmitted light
wavenumber of scattered light
wavenumber of a Raman—transition
parameter of the Voigt—function
wavelength
number density
absorption cross section
laser pulse length
optical depth
difference operator
ratio of wavelengths, A = Äl/ÄQ
absorption line form
correction term for the temperature dependence of absorption lines
angle in the scattering plane
azimuthal scattering angle
solid angle
real part of a complex number
fraction of explained variance
correlation coefficient
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K.2 Appendix A

Derivation of the approximation for differential backscatter. The correction term for differential
backscatter in equation (H. 1) reads

_ 1 d [31
[4] - m älnfig) (K.1)

1 d [ßmJ + BP I): — -—‘ ll] —'
K.22A6 dR BM + ß„„2 ( )

Using the abbreviations A = Äl/Äz and assuming a power law with the Ängström coefficient kß for
the wavelength dependence of particle scattering we have:

ßm‚1 = ßm‚2-A‘4 BM x ßp,2-Ak"‚ (K3)

and hence

[4]
_4 k9

.A + -A1 d 1n[——ß”"2 BM J 1 (K.4)= 2To ä ßm’2+ [3N

4+k+ -A1 d ln[A—4ßm,2 ßp,2 ] 1: 2T6 cTR ßmg + ßpg (K.5)

1 d 4+kß)

For the wavelengths typically used we have A?» = 11 - kg « M, and hence

4+""z1+(4+kß)-A—7” (K.7)A 7&2,

1 d AK[4] z m filnflkfi (1— Sm) - (1 + (4 + kß) - 772)) ‚ (K8)

L i .Al."2A0 dn(1+(4+kß) 7&2 (14,92)) (K.9)
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Since (4 + kß) AÄ/Äz (1 - SK,2) « 1 and ln (1 + x) z x for x « 1 we have

1 d M[412m d—Rln(1+(4+kß)-Ä—2)- (1—SK_2) (K10)

l A?» dz _ _ 4 + _ K112A6 if k5) dRSK'2 ( )

This is the final expression for the approximation of the differential backscatter term in equation
(1-1.1), which is very important for the evaluation of ozone lidar measurements.


