Chapter 2
Theory of Lidar

2.1 Introduction

This chapter introduces the subject of light scattering by molecules and water droplets
in the atmosphere and gives an overview of the theory essential for interpreting
elastic lidar returns from clouds and aerosols. First, parameters describing droplet
size distributions in clouds are explained. Following this, scattering, extinction, and
the relationship between the two are considered. Then the elastic backscatter lidar
equation is introduced and the derivation of a standard signal inversion method,
commonly referred to as the Klett inversion, is given, along with some discussion of
its strengths and shortcomings. Finally, an expression for attenuated backscatter, the
range-corrected calibrated signal, is given for use in comparison of measurements
from different instruments.

2.2 Composition of Liquid Clouds

Because the nature of the particles that constitute a cloud determines the way light will
interact with it, it is important to consider cloud composition when probing with lidar.
Cloud properties have been studied extensively through active and passive remote
sensing techniques, in situ measurements, and modelling [1]. This knowledge, in the
form of cloud droplet size distributions and particle concentrations, for example, can
be used to model how light is scattered by a cloud and predict return signals that might
be detected from it. This is important for the current work particularly because water
clouds with well understood droplet properties can be used for ceilometer attenuated
backscatter calibration as explained later in this chapter and applied in Chap. 5.

A typical approach to modelling cloud droplet sizes is to consider spherical
droplets with the gamma type distribution function, f (a), described by Deirmendjian
such that [2]

© Springer International Publishing Switzerland 2015 23
J.D. Vande Hey, A Novel Lidar Ceilometer, Springer Theses,
DOI 10.1007/978-3-319-12613-5_2


http://dx.doi.org/10.1007/978-3-319-12613-5_5

24 2 Theory of Lidar

,u’“’la“e*”%
fla) = T (2.1
I'(u+ Day

where a is a random variable representing droplet radius, ag is the mode of the
distribution, and u describes the width of the distribution and can be expressed as
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in which C; is the coefficient of variance. Note that the function I'" (x) is the gamma
function [3]
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which for integer values of x can be calculated as a factorial such that
Fx+1)=x! 2.4)

Often the parameter used to describe the droplet size distribution is the effective
radius, aefr, where [4]
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For water clouds the mode, ag, ranges from 4 to 20 wm [5], and pu ranges from 2 to
8, which produces an effective radius range of 5-50 wm [4]. According to Han et al.,
however, aefr typically ranges from 5 to 15 wm [6].

The C1 distribution of Deirmendjian [2], commonly used to model the droplet
size distribution of cumulus clouds in the literature, uses the values ap = 4 um and
u = 61in Eq.2.1. This yields an effective radius of @eff = 6 pm. Fomin and Mazin
[7] caution that when relating model to measurement it is important to consider that
the width of the droplet size distribution typically increases with the volume of the
sampling region. They suggest that a value of © = 6 only applies to small spatial
averaging regions.

Figure 2.1 shows an example of close agreement between measured and modelled
distributions. Here the results of an in situ measurement of droplet size distribution
using a forward scattering spectrometer probe 500 m above the base of a continen-
tal cumulus cloud given by [8] were extracted from the original data and plotted
alongside the modelled C1 distribution.

A comprehensive discussion of the formation and makeup of liquid water, mixed
phase, and ice clouds is beyond the scope of this work. Understanding these properties
and processes is an important area of research, however, both in terms of simulation
and inversion of lidar returns, and in terms of improving understanding of radiative
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Fig. 2.1 Droplet diameter distribution measured 500 m above cloud base in continental cumulus
in Northern Colorado, USA, with a measured number density N = 780cm™3, as reported by
Knollenberg [8] compared with the C1 distribution at the same number density

processes in clouds. These subjects are considered in detail in works by Pruppacher
and Klett [1], Hobbs and Deepak [9], and Lynch et al. [10].

2.3 Elastic Scattering and Transmission of Light
in the Atmosphere

Elastic interaction of light with scatterers is typically described by one of two
processes, depending upon the size of the scatterers. Rayleigh scattering is used
to describe scattering in situations where the scatterer is very small compared to the
wavelength of the light. Mie scattering is typically used to describe interactions of
light with particles whose sizes are similar to or somewhat larger than the wave-
length of the light. Note that single-scattering, in which a photon interacts with one
scatterer only before being detected, is typically the dominant process measured by
lidar. However, multiple scattering, in which a photon interacts with more than one
scatterer before being detected, must often be considered, particularly in systems
with large fields of view.

2.3.1 Rayleigh Scattering

Scattering by gas molecules in the atmosphere can be described by Rayleigh
scattering. As expressed by Kovalev and Eichinger [11], the wavelength-dependent
molecular volume backscatter coefficient 8,, can be determined such that
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where m is the real part of the refractive index, N is the molecular number density at
the pressure and temperature of the scattering volume, N; is the molecular number
density at standard temperature and pressure (2.547 x 10" cm=3 at 288.15K and
101.325kPa), and A is the wavelength of the light. Rayleigh scattering is symmetric
for forward scattered and backscattered light. At sea level the molecular volume
backscatter coefficient can be calculated as [11]
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The most significant factor in these expressions is the A~ wavelength dependence
of the scattering intensity which means, for example, that ultraviolet light at 355 nm
is scattered 81 times more strongly by the molecular atmosphere than near-infrared
light at 1,064 nm. Note that while scattering by very small particles is in fact Rayleigh
scattering, in lidar research the term Rayleigh scattering usually refers only to scat-
tering from the molecular atmosphere [12].

2.3.2 Mie Scattering

When the scatterer size is similar to the wavelength of incident light, a theory
developed by Gustav Mie in 1908 [13] can be used to calculate the scattering phase
function for spherical, optically conducting particles. In this case the scattering is
given by an infinite series expansion.

Some example scattering phase functions calculated by a Mie-based method [14]
at a wavelength of 1 pum for spheres of various radii with refractive index 1.5 are
shown in Figs.2.2 and 2.3. As shown in Fig. 2.2, when the radius is 0.1 um, ten times
smaller than the wavelength, the forward and backward scattering distributions are
similar to each other. Note that when the radius is decreased to 0.01 pwm, the forward
and backward scattering distributions become essentially symmetric and approach
the Rayleigh scattering solution.

As the particle radius increases with respect to the wavelength, the distribution
becomes more pointed in the forward direction. Figure 2.3 shows the scattering dis-
tribution for radius equal to wavelength. A close-up view around the origin shows
scattering lobes at various angles, the position and intensity of which relate to inter-
ference patterns of light propagating around and through the sphere; these will vary
from the theory for non-spherical shapes and imperfect optical conductor materials
[11]. As the size of the sphere increases further, Mie theory gives larger and larger
forward scattering lobes until the sphere is significantly larger than the wavelength of
the light, at which time geometric optics [15] can be used to describe the light path.
Note that Deirmendjian [2] used Mie theory to calculate scattering phase functions
for C1 and other droplet size distributions, thus providing a reference that has been
used, for example, to calculate multiple scattering effects in clouds [16].
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Fig. 2.2 Relative scattering intensity of 1 wm wavelength light by spherical particles of refractive
index 1.5 as a function of angle (in degrees) for three different radii considering light entering from
the left
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Fig. 2.3 Relative scattering intensity of 1 um wavelength light by spherical particles of refractive
index 1.5 as a function of angle (in degrees) for particles of 1 wm radius considering light entering
from the left. A close-up view around the origin is shown on the right

2.3.3 Transmission and Extinction

The transmission and extinction of light travelling through the atmosphere are key
considerations for lidar. They are explained here following the approach of Kovalev
and Eichinger [11].
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For a given wavelength, the transmittance 7' (H) of a layer of thickness H can be
expressed as the ratio of the outgoing radiant flux F to the incoming radiant flux Fj
such that

F
T(H) = o (2.8)

T (H) ranges from O for a fully-attenuating medium to 1 for a medium through which
all of the light passes without experiencing any scattering or absorption. In order
to account for range-variable transmission through a heterogeneous medium, the
extinction coefficient function «/(r) is introduced to describe, for each differential
range element dr, the probability of photon scattering or absorption per unit path
length. The change in radiant flux over a differential element can be considered as a
function of «/(r) such that

dF(r) = —a(r)F(r)dr. (2.9)

From this expression the Beer-Lambert-Bougert law, which relates outgoing to
incoming radiant flux, can be derived such that

F = Foe~ o «0r, (2.10)

and by substituting Eq. 2.8 into Eq. 2.10 the transmittance can then be expressed as

T(H) = ¢~ Jo «0)dr, @2.11)

Here the integral in the exponent f(fl a(r)dr is the summed extinction along the path
and is therefore used to express the optical depth 7.

If inelastic scattering is sufficiently small to be disregarded as is usually the case
for elastic lidar, the extinction coefficient can be expressed as the sum of the total
elastic scattering coefficient, 87(r), and the absorption coefficient, o4 (r), such that

a(r) = pr(r) + aa(r). (2.12)

For a cloud lidar, liquid water droplets are the primary particles of interest. The
complex refractive index of water (the real part of which is approximately 1.33),
which can be used to determine its scattering and absorption properties for a given
radius, has been measured over a wide range of wavelengths by various authors,
for example, by Hale and Querry [17]. However, total absorption and scattering
vary with size and concentration of scatterers, which may not be known, and
soluble aerosols dissolved in water may add complexity to light-particle interac-
tions by increasing the imaginary part of the refractive index, i.e. absorption. In
addition, the presence of mixed particle types in a scattering volume may introduce
further complexity. This means it can be very difficult to separate the constituents
of the extinction coefficient. Nonetheless, by applying some assumptions about the
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atmosphere and/or or by including information from external measurements, it is
possible to draw some conclusions about the relationship between total extinction
and backscatter, a relationship that is of key importance to lidar measurements.

2.3.4 The Lidar Ratio

Interpreting the physical meaning of a measured lidar signal is an inverse problem.
Inversion techniques must therefore be applied in order to determine optical prop-
erties of atmospheric constituents from which return signals are collected. From an
elastic lidar measurement of range-resolved power, it is not possible to distinguish
with certainty the contributions of the two variables, extinction and backscatter, to
the signal profile because the relationship between the range-dependent backscatter
coefficient () and the range-dependent extinction coefficient « (r) varies depending
upon the content of the measurement volume at each range r. Consider, for example,
that a return from a thin, diffuse, weakly scattering cloud layer with clear air between
itand the lidar instrument could look very similar to a return from thin, dense, strongly
scattering cloud layer with a strongly absorbing gas layer between it and the lidar. In
order to account for these differences, the range-dependent backscatter to extinction
ratio I, (r) can be expressed [11]

IT,(r) = B(r)/a(r). (2.13)

This expression can be useful for applying assumptions to the lidar ratio over the
detection range if, for example, I, (r) is assumed to be constant or a linear function,
or if it can be calculated using a model or measured by some method.

Klett explained that the relationship between backscatter and extinction can be
also be approximately expressed in the form [18]

B(r) = Boa* (1), (2.14)

where By and k are assumed to be constants. This power law expression was used in
differential form in Klett’s original derivation of the backward inversion method. He
noted that & is wavelength-dependent and also influenced by aerosol properties in the
measurement volume and explained that itis typically in the range of 0.67 < k < 1.0.

The lidar ratio is a fundamental unknown for most elastic lidar measurements. The
quality of elastic lidar inversion often depends on the accuracy of the assumptions
made regarding the lidar ratio.
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2.4 Elastic Lidar System Constant

A number of parameters of a lidar system that affect the measured level of backscat-
tered light are typically factored into a system constant, Ky, expressed by Wandinger
[12] such that

CT
Ky = Po—Aor. 2.15)

Here Py is the average laser power output during a pulse, ¢ is the speed of light,
T is the laser pulse duration, Ay is the area of the receiver objective as shown in
Fig.2.4, and n is the total efficiency of the instrument’s optical path multiplied by the
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Fig. 2.4 Lidar geometry
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detection efficiency. The value of P determines the peak intensity of the backscatter
cross section. Ag determines the solid angle of the backscatter cross section that is
subtended from a given range as shown in Fig.2.4. The factor &, also illustrated in
Fig.2.4, determines the range resolution of a pulsed system by establishing the time
(distance) required for backscattered light from the beginning of the pulse to meet
the forward-propagating light from the end of the pulse. Typically T and Ag are well
characterised, Pp may be known but is often prone to variability, and 7 can usually
only be estimated to varying degrees of accuracy depending upon the complexity of
the system and understanding of the efficiency of each component. Because of this
uncertainty, it is often desirable to find a way to process lidar using a method that
allows dependence on specific knowledge of the system constant to be cancelled out.

2.5 The Single-Scattering Elastic Lidar Equation

In the case where molecular returns are negligible compared to aerosol returns,
which is the realm most relevant to ceilometer measurements, the range-dependent
backscatter and extinction coefficients can be considered as functions only of the
aerosol and water droplet returns. Under the assumption of single-scattering, and if
a discrete laser wavelength is used, the lidar equation in this case can be expressed
in the form [12]

P(r) = K,B(r) Or(zr )21 a(rdr’ (2.16)
where P(r) is the power detected from range r, K; is the system constant given in
Eq.2.15, B(r) is the scattering coefficient from the scattering volume at range r, O(r)
is the overlap function which describes what fraction of the laser beam cross section
at a given range will be imaged onto the detector (this function reaches a value of
unity at a full overlap distance rg), %2 is the range dependence factor that accounts for
the decrease in solid angle subtended with the square of the range, and the remaining
factor, e 2 Jo “(’/)‘1’/, based on the range dependent extinction coefficient «(r), is the
integrated two-way extinction of the signal as it propagates from the instrument to
the scattering volume at range r and back.

2.6 Elastic Lidar Inversion

A number of approaches for the inversion of elastic lidar signals have been described
in the literature. Each of these methods applies a different set of assumptions in order
to achieve inversion. While there are a variety of alternatives to, variations on, and
combinations of these techniques (for example, [19, 20]) as well as detailed error
analyses (for example, [21, 22]), only the fundamental methods are discussed here.
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2.6.1 Slope Method

The first lidar inversion method described in the literature was the slope method
discussedin 1966 by Collis [23]. In homogeneous atmospheric conditions, the extinc-
tion and backscatter coefficients can be assumed to be constants. In this case, the
natural logarithm of the range-corrected lidar return is linear and from its slope the
extinction coefficient can be derived. Kovalev and Eichinger note that in order to
satisfy the homogeneity requirement the atmosphere need not be purely homoge-
neous but rather that local inhomogeneities do not significantly alter the linear fit
across the region of interest [11]. They explain that for homogeneous atmospheres
this method is often the best way to extract mean aerosol extinction, particularly if
the aerosol and molecular returns are of similar amplitude. Kovalev and Eichinger
caution, however, that if returns from aerosol-free atmospheres are being processed
by this method, care must be taken to fully account for any background noise on the
signal as that can greatly affect the slope that is calculated. They also emphasise the
importance of either disregarding the region of incomplete overlap of the transmitter
and receiver or carefully compensating for it.

2.6.2 Close Boundary Solution

A close boundary solution applies an assumed or measured value of the extinction
coefficient at the start of the measurement range and inverts the signal in the forward
direction. This method was first applied to lidar in 1967 by Barrett and Ben-Dov
[24]. It can be applied successfully in clear atmospheric conditions, but in turbid
conditions it quickly becomes unstable due to its mathematical formulation; its per-
formance can be improved somewhat, however, by placing constraints that limit the
possible solutions to positive values of extinction without extremely large “runaway”
values [25].

2.6.3 Optical Depth Solution

Another approach to inversion, first introduced in 1988 by Weinman [26], is the
optical depth solution. If the total optical depth of a lidar measurement range can be
estimated, the transmission term in the lidar equation can be determined; this then
acts as a constraint for the inversion. An important calibration method described
in Sect.2.8 is related to this approach. In order to perform an inversion based on
the optical depth solution for combined molecular-aerosol atmospheres, three inputs
typically used are the sun photometer-derived aerosol optical depth, the profile of
molecular extinction (this may be disregarded if aerosol extinction is much greater
than molecular extinction at the laser wavelength), and an aerosol lidar ratio assump-
tion relating backscatter to extinction [27].
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2.6.4 Far Boundary Solution

The most widely used method for inverting elastic lidar returns is the backward
inversion method. This method, though also developed in similar form independently
by Kaul in 1977 [28] and Zuev in 1978 [29]-those studies were not accessible in
Western countries at the time—is typically credited to Klett who introduced it in 1981
[18]. In this method the extinction coefficient at the far boundary is assumed and
the signal is inverted backward toward the instrument. This approach provides a
stable result provided there are considerable aerosol or cloud returns present and is
therefore the method typically applied in the inversion of ceilometer returns. The
contemporary version of Klett’s approach was reformulated in 1982 by Fernald [30],
and a method for improving the lidar ratio assumption and a smoothing process at the
boundary point were described in 1984 by Sasano and Nakane [31]. It is therefore
sometimes referred to as the Klett-Fernald-Sasano inversion, however, in this thesis
it is simply referred to as the Klett inversion.

The Klett inversion requires an input value of the extinction coefficient at the far
boundary of the lidar range. This boundary value can be measured or assumed. Since
information from in situ measurement of the extinction coefficient at the far range of
the instrument is not usually available for vertical lidar profiling, boundary extinction
is typically assumed from some knowledge of the current atmospheric conditions.

2.6.5 Derivation of the Far Boundary Solution

Under the assumption of a single-component atmosphere, in which aerosol returns
dominate molecular returns (reasonable for ceilometers at 905 nm), the far-boundary
solution can be derived in a straightforward manner following the approach of
Kovalev and Eichinger [11]. The lidar equation can first be rewritten somewhat
by removing the overlap dependence. Overlap and its correction are discussed in
detail in Chaps.3 and4, but here only ranges beyond the full overlap height r( are
considered such that O(r) = 1. Equation 2.16 therefore becomes

P(r) = K,T),* 2.17)

@6_2 fr:) a(rdr'
r2 ’
where T},? is a constant accounting for the unknown transmittance from r = 0 to
r=ryp.
If the lidar ratio is introduced as in Eq.2.13, the backscatter coefficient (r) can
be expressed in terms of extinction o(r) and lidar ratio function IT,(r) allowing
Eq.2.17 to be rewritten as

I, (r)zot (r) o2 et

P(r) = K,Ty,* (2.18)
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Assuming that the particles along the measurement range are similar to each other,
the backscatter to extinction ratio can be expressed by the constant IT, such that

M,(r) = I,. (2.19)

Kovalev and Eichinger note that if the variation among scatterers is relatively small,
this assumption is reasonable, but that if precise determination of extinction is
required, it can be problematic. If the assumption is applied, the unknown para-
meters of the measurement can now be expressed as a single constant such that

Kr = KTy, T, (2.20)
and Eq.2.18 can be written as

Py = K LD o 221
r

If Z(r), the range-corrected signal, is considered, where Z(r) = P(r) 2, then

Z(r) = KLot(r)e_2 Jrg e’

(2.22)
If the extinction coefficient «(r) at the far boundary ry, is known or can be estimated,
the constant K; can be written

L Z(rp) (2.23)
=2 [ a(rdr'” ’
a(rp)e ~7r0

Substituting this into Eq.2.22, the range-corrected signal becomes

Z(rp)a(rye 2o e

Z(r) = -2 fr:)b a(rdr’

(2.24)
a(rpe

If this is expressed as the ratio of range corrected signal Z(r}) at the boundary r, to
the extinction coefficient () at the boundary,

5 (Th / /
Zry) _ 2@y e 0"

a(rp) — a(r) 20 ethdr’

(2.25)

which can be rewritten as

Z() _ Z0) Ly piacar

= 2.26
a(rp)  a(r) (2:20)
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By solving this equation for Z(r) and integrating both sides over the interval r to

a(rHdr

. .. _ b . .
rp, an expression for the transmission term, e 2); , can be derived in the form

b

efzfrrb a(rydr’ —14 a(rp) Z/Z(}’/)d}’/ ) (2'27)
Z(rp)

r

If this is substituted into Eq.2.26 and «(r) is solved for, the Klett solution is arrived
at such that

Z(r)
+2 [ Z(dr

() = 55 (2.28)

a(rp)

In this way the range-dependent extinction coefficient is expressed in terms of only
the range-corrected signal and the boundary value of the extinction coefficient.
This solution is useful because even though it relies on an assumed boundary
condition at the far boundary, it is stable in the near-range due to the fact that the
factor 2 fr”’ Z(r)dr' increases with decreasing r. In addition, as ranges closer and
closer to the instrument are considered, errors due to incorrect assumption of the far
boundary condition reduce significantly due to the reduced influence of the factor
(1) particularly in turbid atmospheres [18]. This far boundary solution is applied

a(rp)’ . . .
in Chap. 5 in order to invert prototype lidar returns.

2.6.6 Boundary Condition Selection for Klett Inversion

There are two factors to consider when making the far-range boundary assignment.
The first of these is the signal level. Usually the maximum possible measurement
range is desirable. In this case, the boundary condition is assigned at the farthest point
in the signal that is above a certain threshold. Two examples of this from the literature
are 2.3 % of the maximum digitised signal amplitude [32], assuming the dynamic
range of the receiver electronics is appropriately matched to the dynamic range of
the signals, or, in another work, a signal to noise ratio of 5-10dB [33]. Choosing
a boundary point too close to the noise level is likely to reduce the accuracy of the
inversion. A signal to noise ratio method for locating the boundary range is applied
in Chap. 5.

The second factor to consider is the boundary value of the extinction coefficient.
It is possible to estimate the boundary value of the extinction coefficient directly
from the signal by considering the slope of the logarithmic range-corrected signal as
explained by Klett [18], such that

21 2
o In[P(r)r| — In[P(ry)ry ]. (2.29)
2(rp — 1)
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This is calculated over a region starting at a selected range r; and reaching to the
maximum range r; at the boundary. This method works best over a homogeneous
region with significant returns.

If no clearly homogeneous region is present, a default value can be used depending
upon measurement conditions. While a clear air value such as 107*m~! can be
applied as in [34], for cloud detection applications it may be better to select a cloud
value such as 0.02 10~*m~! as in [32], particularly if it is unlikely that clear air
can be detected at far ranges or beyond a cloud layer due to attenuation and lack
of sensitivity. Kovalev and Eichinger state that if the effects of multiple scattering
are small, it is straightforward to assign a boundary value «(rp) within a cloud.
This approach is generally applicable to ceilometers, both because of their limited
sensitivity to molecular returns and because their primary function is cloud detection,
and is applied in Chap.5.

2.6.7 Stability of the Klett Inversion

A few examples of the behaviour of the Klett inversion under various conditions
illustrate its value. First, Fig. 2.5 shows the influence on the inversion of overestimat-
ing or underestimating the boundary value of the extinction coefficient by 50 %. In
both cases the inversion converges on the correct profile quite quickly as the range is
considered backwards from the boundary rj, toward r = 0. Second, Fig. 2.6 shows the
influence of incorrect assumption of the lidar ratio exponent k from Eq.2.14. While
the inversion is certainly sensitive to the lidar ratio exponent, it still strays in this case
by less than 40 % at most from the correct value, which is not much considering that
values of the extinction coefficient range over several orders of magnitude. Finally,
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Fig. 2.5 Influence of boundary extinction value «(rp) on backward inversion as originally calcu-
lated by Klett [18]
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Fig. 2.6 Influence of lidar ratio exponent k on backward inversion as originally calculated by
Klett [18]

since range-corrected signals are typically noisy at far ranges, the influence of this
noise on inversion also needs to be considered. A thorough examination of error
sensitivity of the backward inversion technique has been given by Rocadenbosch
and Comeron [22].

2.7 Attenuated Backscatter

Since inverted data depends greatly on the inversion technique, the inverted profile
is often not the best profile for inter-comparison of different instruments. The profile
used most widely for instrument comparison is the attenuated backscatter, that is,
the range-corrected, overlap-corrected, calibrated signal. It is a standard output of
satellite lidar data [35] and is also a typical ceilometer output.

Considering discussion in [35, 36], attenuated backscatter 8’ (r) can be expressed,
by solving the lidar equation for the product of backscatter and transmission, as

G Lp 230
= K00 = BT (r), (2.30)

B'(r)

where Ty is the total transmission through all scatterers. The range-corrected power
P(r)r?* divided by the product of the overlap function O(r) and the system constant
K therefore reflects the combined contributions of backscatter and attenuation. By
fully expressing the system constant K using Eq.2.15, the attenuated backscatter
becomes

P(r) r?

P hFomay

2.31)

given throughout this thesis in units of m~!sr—!.
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2.8 Calibration of Attenuated Backscatter

One problem with the attenuated backscatter output is its dependence on knowledge
of the transmitted laser power Py and the calibrated received power P(r), which are
often poorly characterised and/or variable in a lidar system. In order to overcome
this problem, O’Connor et al. devised a calibration method [37] that uses returns
from fully signal-attenuating stratocumulus water clouds, whose optical scattering
properties are well understood, to calibrate the attenuated backscatter output of an
elastic lidar system.

The transmission Ty, in Eq.2.30 is dominated in this case by returns from the
cloud droplets and can be expressed by application of Eq.2.11 as

Ttot(r) — e fOrOl(r/)dr/ _ E_Taa (232)

where, as previously noted, the integrated extinction for a(r)dr is equivalent to the
optical depth, 7. Equation2.30 can therefore be rewritten

B'(r) = B(rye ™. (2.33)

Instead of defining the lidar ratio as the backscatter to extinction ratio I1, =
O’Connor et al. used the extinction to backscatter ratio and defined it as § =
Assuming an infinitesimal change dr in range, for the single scattering case tl
corresponding change dt, in optical depth can be expressed as

IRR ™

o=
o .

dty = S(r)B(r)dr. (2.34)

A factor, n,,(r), that corrects for multiple scattering effects and ranges from 0.5 to 1
can then be introduced such that

dty = Nu(P)S(r)B(r)dr. (2.35)

If the attenuated backscatter as stated in Eq. 2.33 is integrated over the entire range
of the instrument, the resulting value B is expressed

= / B'(r) = / B(r)e " dr. (2.36)
0 0

If Eq.2.35 is substituted into this expression and 7, and S are assumed constant, it

becomes
1 o0
B = / = / e 2y, (2.37)
0

0
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Since the integral fooo e 2™ dt, can be evaluated such that

ya 1
/ e 2Ty, = 5 (2.38)
0

the integrated attenuated backscatter becomes

7 1
B= / B =5 (239)
0

and the attenuated backscatter calibration should be adjusted until this is true.

O’Connor et al. specified that the stratocumulus cloud used for calibration must
have a peak backscatter coefficient of greater than 1 x 10~* sr~! and the signal level
at this height must be at least 20 times greater than that 300 m above. In addition, no
precipitation or strong aerosol events should be present during calibration. Using a
droplet size spectrum width parameter (u) ranging from 2 to 10, and median droplet
diameters (2 x ag) between 4 and 10 wm to define the droplet size distribution in a
thick stratocumulus cloud, they derived an effective lidar ratio of S = 18.8 & 0.8 sr
at 905nm as the appropriate lidar ratio for this technique. The multiple scattering
correction factor 1, is discussed further in Chap. 5 where this method is applied.

This calibration technique provides a useful means of calibrating the signal output
from an instrument whose system parameters may be poorly characterised or subject
to drift.

2.9 Conclusion

This chapter has discussed fundamental theoretical tools used to describe the nature
of scattering particles in clouds and the mechanics of elastic scattering in the
atmosphere. It has introduced the single-scattering elastic lidar equation and the
parameters it contains, including the geometry involved. It has presented a deriva-
tion of the classical backward inversion technique used in elastic lidar and shown
its robustness. Finally, it has explained the attenuated backscatter function used for
inter-comparison of lidar returns along with a method by which it can be calibrated.
The geometry of lidar measurement has largely guided the design of the prototype
described in Chap. 3. The lidar equation is applied in a variety of ways in Chaps. 3,4
and 5, and inversion and calibration both become important in Chap. 5.
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