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1 Introduction

Ice containing clouds in the upper troposphere play a key role in Earth’s radiation

budget. This considerable influence is due to their high incidence around the globe,

their optical depths, and due to their scattering properties. Satellite data show an

average cirrus cloud globe cover of at least 30% (Wylie et al., 1994). Cirrus clouds

reflect parts of incident solar radiation back to space and also parts of emitted

terrestrial radiation back to Earth. Their incidence, altitudes and optical properties

leads to either warming or cooling. The scattering behaviour of ice crystals alters

with shape and size. Thus, it is essential to measure the micro-physical properties,

such as crystal shapes and sizes, and optical properties, such as optical depth,

particle extinction and backscatter coefficients, of cirrus clouds to understand their

impact on Earth’s climate.

Lidar (LIght Detection And Ranging) is a well-established measurement tech-

nique for cirrus cloud investigations. A lidar system emits laser light pulses into

the atmosphere. These pulses are transmitted through the atmosphere and are

backscattered with different intensity at different altitudes from the illuminated

atmospheric volume. The backscattered light contains information about the optical

properties of the illuminated atmospheric volume. In case of a Rayleigh-Mie lidar,

the wavelength of emitted light remains retained with elastic backscattering. This

elastically backscattered light is recorded time-dependent. The altitude information

can be calculated from the measured transit time of light and the known speed

of light in air. In case of a Raman system, the inelastically backscattered light is

additionally detected to the elastically backscattered light. The inelastically backscat-

tered light on atmospheric molecules, for instance nitrogen molecules, differs in
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1 Introduction

wavelength from the emitted light. This difference is large enough to separate the

backscattered signals into inelastically molecular-backscattered signals and elasti-

cally particle-backscattered signals, with dichroic beam splitters for example. Based

on that separation of backscattered light, it is possible to independently retrieve

the extinction and backscatter coefficient. A high spectral resolution (HSR) lidar

consists of a channel to detect elastically backscattered light and of a channel to

discriminate between particle backscattered signals and molecular backscattered

signals by taking advantage of their different Doppler broadened spectral distri-

bution. The particle depolarization can be measured by emitting linear-polarized

light into the atmosphere and detecting the fraction of backscattered light polarized

perpendicular to the polarization plane of emitted light.

If the wavelength of the laser pulses is comparable to the size of scatterers, then

the wavelength-dependent scattering behaviour can be used to investigate the micro-

physical properties of these scatterers. As cirrus clouds contain ice crystals with

sizes of several microns to some millimeters, this straightforward calculation is not

applicable to determine their micro-physical properties out of lidar measurements.

Therefore, the optical properties particle depolarization ratio and particle lidar

ratio are used in this study to investigate cirrus clouds. This approach bases on the

independence of these optical intensive properties on particle mass. The particle

depolarization ratio is the ratio of perpendicular- to parallel-polarized light backscat-

tered from particles. The orientation of linear-polarized light is defined relative to

the polarization plane of the emitted linear-polarized laser-light pulses.

The particle depolarization ratio contains the information whether the scattering

particle is spherical or not. The transmission of the light pulses trough the atmo-

sphere is related to the extinction of light by atmospheric molecules and particles.

The particle lidar ratio is defined as the extinction-to-backscatter ratio of the parti-

cles. Just as the particle depolarization ratio, this ratio is also an optical intensive

property of the scattering particles and depends mainly on their sizes and absorption

properties.
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1 Introduction

Several studies on simultaneous measurements of particle depolarization ratios

and particle lidar ratios of cirrus clouds differ in their findings and conclusions.

While Chen et al. (2002) and Reichard et al. (2002) observed a correlation of the

particle depolarization ratio with the particle lidar ratio of cirrus clouds, Sakai

et al. (2006) reported a broad range of possible values and no clear correlation.

Also, the impact of multiple scattering on retrieved particle lidar ratios is differently

considered in these studies. All three authors discussed the possible micro-physical

properties of ice crystals responsible for their observed optical parameters in a

different manner. So, there is a lack of knowledge about the correlation of these

optical properties and possibly their correlation with the micro-physical properties

of cirrus clouds. This limits the applicability of lidar measurements for the retrieval

of micro-physical properties of cirrus clouds.

The presented study investigates the correlation of the particle depolarization

ratios with the particle lidar ratios of cirrus clouds over Leipzig, Germany. First,

basics of the lidar data retrieval procedures are summarized in chapter 2. A literature

study of so far measured particle depolarization ratios and particle lidar ratios of

cirrus clouds is presented in chapter 3. Special emphasis is put on investigations

dedicated to both of these intensive properties. Chapter 4 deals with the lidar system

BERTHA (Backscatter, Extinction, lidar Ratio, Temperature, Humidity profiling

Apparatus) and a first simultaneous measurement of these properties of cirrus

clouds with BERTHA using its HSR channel is presented. For this measurement,

the lidar system BERTHA was additionally equipped with a depolarization channel.

Its usability for the determination of the particle depolarization ratio and particle

lidar ratio at daytime is discussed. In this context, the receiver of the lidar system

BERTHA was redesigned to provide multi-wavelength and multiple field-of-view

(FOV) measurements on daytime and night-time. The measurement shows the

advantages of the system BERTHA, but also presents needs of future improvements.

In chapter 5, main parts of the lidar system PollyXT , located on top of the roof

of the Leibniz Institute for Tropospheric Research (TROPOS), are presented. An
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1 Introduction

example measurement with PollyXT is shown. After presenting the simultaneous

measurements of particle depolarization ratios and particle lidar ratios of cirrus

clouds, the chapter concludes with the measurement results. These measurements

have been taken with the system PollyXT between 30-07-2012 and 17-09-2012. The

main findings are again outlined in the summary.
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2 Lidar

Light detecting and ranging (lidar) is an active and range resolved optical remote

sensing method. It is based on the same principle as radio detecting and ranging

(radar). In contrast to passive optical remote sensing systems, which use extrane-

ous light sources like ambient-light or sunlight, a laser pulse is emitted into the

atmosphere and the backscattered light is detected by the lidar system.

Even though a laser light source was not invented, the acronym "lidar" was

established by Middleton and Spilhaus (1953) when discussing ceilometry by using

a spotlight. Initial lidar observations of the atmosphere with laser light were done

by Fiocco and Smullin (1963) and Ligda (1963).

A lidar system consists of two main components: the transmitter and the receiver.

On the transmitter side, a laser is used as a light source to emit light with specified

pulse length and wavelength into the atmosphere. With additional optical systems,

like beam expander and polarization filter, the laser divergence can be reduced

and the state of polarization can be improved on the transmitter side. Due to

elastic and inelastic scattering processes in the illuminated atmospheric volume the

backscattered light contains information about this scattering volume. To obtain

these information, the backscattered light is collected by a coaxial- or biaxial-

arranged optical system at the receiver side (Harms and Weitkamp, 1978) and is

directed into different detection channels. Depending on the lidar system type, the

number and kind of these detection channels differ. Subsequently, the acquired

input signals from these detection channels are stored and can then be evaluated. In

the following, the evaluation of elastic and inelastic-backscattered light is presented

for single-scattering processes at molecules and particles of the atmosphere.
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2 Lidar

2.1 Lidar measurement principle

The distance between the lidar system and the atmospheric scattering volume can

be determined from the transit time of light t and the speed of light in air c to

R = c t

2 . (2.1)

The spatial depth of the atmospheric backscatter volume is related to the temporal

laser pulse length τ and yields to

∆R = c τ

2 . (2.2)

With regard to these two substitutions, the time dependent signal power of elastic

and inelastic single-backscattered light, received at the lidar system can be with

P (R, λi) = K(λi)G(R) β(R, λi)T (R, λ0)T (R, λi) . (2.3)

The received lidar signal power depends on the system specific factor K(λi), the

backscatter coefficient β(R, λi), the atmospheric transmission for emitted light

T (R, λ0), the atmospheric transmission for backscattered light T (R, λi) and the

geometric factor G(R) describing the geometrical signal-range dependence.

The following convention applies for this study. The index i = 0 is used for

emitted light and for elastic-backscattered light, whereas the indices i = Ra and

i = HSRL are used respectively in the context of Raman lidar and high spectral

resolution lidar (HSRL) method.

System factor

All distance-independent parameter are contained in the system factor

K(λi) = P0(λ0) ∆RAη(λi) . (2.4)

The power of emitted light P0(λ0) and the spatial effective pulse length ∆R are

parameter of the emitter side. They affect the permeation and distance resolution
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2 Lidar

Figure 2.1: Illustration of the lidar geometry (Wandinger, 2005a).

of the emitted light. The telescope area A and the total system efficiency η(λi) are

parameter of the receiver side. They affect the signal power of light received by the

telescope and by the photomultiplier detectors.

Geometric factor

For short distances from the scattering volume to the lidar system, the geometrical

overlap between the laser beam and the telescope field of view (FOV) depends

on the distance to the receiver. For long distances to the lidar system, the overlap

between the laser beam and the telescope FOV achieves a constant value. Seen

from the scattering volume perspective, the telescope area is a segment of a sphere’s

surface with radius R around the scattering volume. As shown in Fig. 2.1, the

corresponding solid angle becomes A/R2. Hence, the geometric factor consists of

the system specific overlap function O(R) and is reduced by 1/R2:

G(R) = O(R)
R2 . (2.5)
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2 Lidar

Backscatter coefficient

The backscatter coefficient describes the fraction of light scattered back to the lidar

system:

β(R, λi) =
∑
j

nj(R) dσsca,j

dΩ (π, λi) = βmol(R, λi) + βpar(R, λi) . (2.6)

It is the product of number density of the involved scatterer type j and the dif-

ferential scattering cross section in backward direction (Θ = π). The backscatter

coefficient consists of the molecular backscatter coefficient and the particle backscat-

ter coefficient. The molecular backscatter coefficient can be calculated analytically:

βmol(R, λi) = ni(R0) exp

−
R∫

R0

M g(r)
Rm Temp(r)dr

 π2(ñ2
air − 1)2

ni(R)2 λ4
i

. (2.7)

The analytical calculation of the molecular backscatter coefficient is shown in

appendix 7.1. The determination of the particle backscatter coefficient βpar(R, λi) is

explained in the following subchapters for elastic and inelastic-backscattered light.

Transmission

Light is attenuated due to absorption and scattering processes when it passes through

the atmosphere. According to the Lambert-Beer-Bouguer law there is an exponential

relation between the transmission and the extinction coefficient α(r, λi)

T (R, λi) = exp

−
R∫

R0

α(r, λi) dr

 . (2.8)

Extinction coefficient

The extinction coefficient is the product of the number density of the involved scatter

types j and the extinction cross section σext,j(λi) = σabs,j(λi) + σsca,j(λi)

α(R, λi) =
∑
j

nj(R)σext,j(λi) = αmol(R, λi) + αpar(R, λi) . (2.9)
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Corresponding to the backscatter coefficient, the extinction coefficient consists of

the molecular extinction coefficient, which can be calculated analytically

αmol(R, λi) = 8π
3 ni(R0) exp

−
R∫

R0

M g(r)
Rm Temp(r)dr

 π2(ñ2
air − 1)2

ni(R)2λ4
i

, (2.10)

and the particle extinction coefficient αpar(R, λi). The analytical calculation of the

molecular extinction coefficient is shown in appendix 7.1, and the determination of

the particle extinction coefficient is shown in the following subchapters.

Lidar ratio

The ratio of extinction coefficient to backscatter coefficient is defined as lidar ratio

for molecules and particles:

Smol = αmol(R, λi)
βmol(R, λi)

= 8π
3 (2.11)

and

Spar(R, λi) = αpar(R, λi)
βpar(R, λi)

. (2.12)

The molecular lidar ratio is caused by Rayleigh-Brillouin scattering and can be cal-

culated analytically whereas the particle lidar ratio cannot be calculated analytically

for non-spheric particles.

2.2 Rayleigh-Mie lidar

The Rayleigh-Mie lidar is based on elastic backscattering on molecules and particles

(Rayleigh-scattering, Mie-scattering respectively). As discussed in subchapter 2.2, an

assumption of the lidar ratio profile is needed to determine the particle backscatter

and extinction coefficient. Due to the large differential backscatter cross section

for elastic scattering on molecules and particles, this lidar can be used to probe the

atmosphere at day and nighttime.
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2 Lidar

Elastic-backscatter lidar equation

The wavelength of emitted light is conserved due to elastic scattering on molecules

and particles. Hence, with λi = λ0 Eq. 2.3 yields to

P (R, λ0) = K(λ0)G(R) β(R, λ0)T 2(R, λ0) . (2.13)

This under-determined equation can not be solved without further assumptions. The

Fernald-Klett method (Klett, 1981; Fernald, 1984) is commonly used in this case.

Starting at a nearly particle free reference altitude R0, a backward iteration yields to

the particle backscatter coefficient profile βpar(R, λ0) by assuming the corresponding

particle lidar ratio profile Spar(R, λ0) and the particle backscatter coefficient at the

reference altitude βpar(R0, λ0):

βpar(R, λ0) = P (R, λ0)R2 exp

−2
R∫

R0

[Spar(r, λ0)− Smol] βmol(r, λ0) dr


×

 P (R0, λ0)R2
0

βpar(R0, λ0) + βmol(R0, λ0) − 2
R∫

R0

Spar(r, λ0)P (r, λ0) r2

× exp

−2
r∫

R0

[Spar(s, λ0)− Smol] βmol(s, λ0) ds

 dr


−1

− βmol(R, λ0) .

(2.14)

Hence, by using Eq. 2.12 the particle extinction coefficient can be obtained as

αpar(R, λ0) = Spar(R, λ0) βpar(R, λ0) . (2.15)

The differential Eq. 2.13 can be solved in accordance to the Fernald-Klett method.
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2 Lidar

Linear depolarization of elastic-backscattered light

The polarization state of the received laser light with respect to the polarization state

of the emitted laser light contains information about the particle shape. Herein after,

the terms polarization and depolarization are used without explicitly stated "linear".

The perpendicular-polarized light is detected in addition to the unpolarized elastic-

backscattered light. Analogous to Eq. 2.13, the power of the perpendicular-polarized

lidar signal is

P⊥(R, λ0) = K⊥(λ0)G(R) β⊥(R, λ0)T 2(R, λ0) . (2.16)

Compared to the system factor K(λ0) (Eq. 2.1) for elastic-backscattered light,

the system factor K⊥(λ0) depends on the system efficiency η⊥ for perpendicular-

polarized light:

K⊥(λi) = P0(λi) ∆RAη⊥(λi) . (2.17)

The perpendicular component of the backscatter coefficient depends on the spheric-

ity of the backscattering particles and the molecular depolarization characteristics:

β⊥(R, λi) = β⊥mol(R, λi) + β⊥par(R, λi) . (2.18)

The ratio of the elastic-backscattered perpendicular- and parallel-polarized laser

light is defined as volume depolarization ratio:

δvol(R, λi) = β⊥(R, λi)
β‖(R, λi)

=
β⊥mol(R, λi) + β⊥par(R, λi)
β
‖
mol(R, λi) + β

‖
par(R, λi)

. (2.19)

Analogously, the molecular and particle depolarization ratio are defined as

δmol(R, λi) = β⊥mol(R, λi)
β
‖
mol(R, λi)

(2.20)

and

δpar(R, λi) =
β⊥par(R, λi)
β
‖
par(R, λi)

. (2.21)

The volume and particle depolarization ratio can by determined with the depolariza-

tion lidar method (Murayama et al. (1999), Cairo et al. (1999) and Freudenthaler

et al. (2009)) by using Eq. 2.13 and Eq. 2.16. Instead of measuring the parallel- and
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perpendicular-polarized backscattered light, the lidar systems PollyXT and BERTHA

measure the elastic-backscattered and perpendicular-polarized light. Thus, accord-

ing to Baars (2012), the volume depolarization ratio can be retrieved out of the

perpendicular-polarized and elastic-backscattered light by

δvol(R, λi) =
Cδ
λi
− P⊥(R,λi)

P (R,λi)

Dλi

P⊥(R,λi)
P (R,λi) −D

⊥
λi
Cδ
λi

. (2.22)

The calibration constant Cδ
λ0, which is determined in a particle free atmospheric

region after Grein (2006) and the received perpendicular-polarized and elastic-

backscattered signals P⊥(z, λ0) and P (z, λ0) are taken from the depolarization chan-

nel and the total channel, respectively. The transmission ratio for perpendicular- and

parallel-polarized light (D⊥λ0 , Dλ0) are determined experimentally for the depolariza-

tion channel and total channel respectively. Hence, the particle depolarization ratio

can be determined, according to Mattis (2002), by using the particle and molecular

backscatter coefficient:

δpar(R, λi) = [δvol(R, λi) + 1]
(
βmol(R, λi)[δmol(R, λi)− δvol(R, λi)]

βpar(R, λi)[1 + δmol(R, λi)]
+ 1

)−1

− 1 .

(2.23)

2.3 Raman lidar and High spectral resolution lidar

As discussed in subchapter 2.3, the particle backscatter and extinction coefficient

can be determined separately by using the elastic and inelastic-backscatter signal.

According to this, a Raman lidar is always a Rayleigh-Mie lidar, too. The detected

light at the wavelength λRa is exclusively based on Raman scattering on the corre-

sponding type of molecule. For example, the wavelength of the vibration-rotation

Raman signal of nitrogen is λRa = 607 nm (λ0 = 532 nm). Due to the low differential

backscatter cross section for Raman scattering on molecules, the Raman lidar is

affected negatively on ambient-light and thus only partially usable on daytime.

While the Raman lidar is based on vibrational-rotational transitions of molecules,

the HSRL is based on the Doppler broadening of the backscattered light due to the

15



2 Lidar

Brownian motion of molecules. The molecular mean velocity ≈ 300 m/s yields to

a broadening of ±1.5 GHz (FWHM) whereas the particle mean velocity ≈ 10 m/s

yields to a broadening of only 30 MHz (FWHM). To separate the backscattered

molecular signal from the particle signal, a very narrow optical filter is needed these

can be e.g. a Fabry-Perot interferometer or absorption line filter. As described in

the following an iodine-vapour cell is used for this study. The corresponding HSR

channel is discussed in the master thesis of Oelsner (2012). In contrast to the Raman

lidar, the HSRL can be used on daytime due to the high differential backscatter cross

section of scattering on molecules (analogical to the Rayleigh-Mie lidar).

Inelastic-backscatter lidar equation

For inelastic scattering, the wavelength of backscattered light differs from the

emitted light wavelength and thus Eq. 2.3 yields to

PRa(R, λRa) = K(λRa)G(R) β(R, λRa)T (R, λ0)T (R, λRa) . (2.24)

The Raman lidar method and the HSRL method are both based on inelastic backscat-

tering of the emitted light. Although the index i = Ra is used, the given equations

apply to the Raman lidar method as well as to the HSRL method.

As the number density of the corresponding molecules nRa(R) are known, accord-

ing to Ansmann et al. (1990) the particle backscatter coefficient can be determined

as

βpar(R, λ0) = β(R0, λ0)PRa(R0, λRa)
PRa(R, λRa)

P (R, λ0)
P (R0, λ0)

nRa(R)
nRa(R0)

exp
{
−

R∫
R0

α(r, λRa) dr
}

exp
{
−

R∫
R0

α(r, λ0) dr
}

−βmol(R, λ0) .

(2.25)

This solution is based on the elastic-backscatter lidar signal P (R, λ0) and the

inelastic-backscatter lidar signal PRa(R, λRa). As a result, the Eq. 2.13 and Eq.
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2.24 are a well-determined system and thus the particle backscatter coefficient

βpar(R, λ0) and the particle extinction coefficient αpar(R, λ0) can be determined

without any assumptions

αpar(R, λ0) =
d
dR

ln nRa(R)G(R)
PRa(R,λRa) − αmol(R, λ0)− αmol(R, λRa)

1 +
(
λ0
λRa

)a . (2.26)

The spectral dependence of particle scattering is described by the Ångstöm exponent

a (Ångstöm, 1964; Ansmann and Müller, 2005). For particles within the size range

of the emitted light wavelength, the Ångstöm exponent can be assumed to a = 1 and

for particles larger than the emitted light wavelength, e.g. ice crystals, the Ångstöm

exponent becomes a = 0 (van de Hulst, 1981). According to Ansmann et al. (1992),

an uncertainty of ∆a = ±0.5 leads to a particle extinction coefficient uncertainty of

2%.
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3 Cirrus clouds

This chapter gives an overview of the interrelation between ice crystals contained in

cirrus clouds and their optical properties. For this purpose, the definition of cirrus

clouds used in this study is presented. The impact of cirrus clouds on climate and

resulting questions is mentioned briefly. Cirrus clouds affect the radiative balance

in two ways. Depending on size and structure of the contained ice crystals, cirrus

clouds reflect solar radiation (albedo effect) and terrestrial radiation (green house

effect) in a different manner. Hence, the growth of ice crystals from vapour plays

an important role. First assumptions about size and ice-crystal type can be made

out of occurring optical phenomena. But their infrequent occurrence indicate a

distribution of different crystal types and sizes and thus do not provide long-term

explorations.

The intensive optical properties particle depolarization ratio and particle lidar

ratio provide the determination of crystal type and the assumption of crystal size.

But the underestimation of the extinction coefficient due to multiple scattering

requires additional corrections.

After former measurements and resultant conclusions have been presented, this

chapter concludes with an overview of measured and calculated values of particle

depolarization ratio and particle lidar ratio.
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3 Cirrus clouds

3.1 What is a cirrus cloud

Clouds are classified by a nomenclature system, whose essentials were proposed in

1802 by Luke Howard. Nowadays, the World Meteorological Organization (WMO)

is responsible for this classification system. In accordance to the WMO classification

system, clouds of the genus cirrus belong to the family of high clouds. Hence,

they are familiar with clouds of the genus cirrostratus and cirrocumulus. High

clouds are defined by the WMO classification system as transparent, thin white, or

mostly white clouds with a fibrous or smooth appearance, silky sheen, or without

shading. This classification system is primarily based on the morphology and visual

appearance of clouds during daytime and does not contain information about the

physical properties. As cloud properties like ice content, temperature, humidity,

ventilation, altitude, and optical depth are not part of the classification system, it

is limited in its applicability for this study. For these reasons, a further reaching

definition of cirrus clouds shall be used in this study:

Cirrus clouds are completely composed of ice, have a usually mean cloud base

altitude of 6 km or higher and a small optical depth.

This definition not only includes cirrus, cirrostratus and cirrocumulus clouds but

also subvisual cirrus and contrail cirrus clouds, which was not mentioned by the

WMO classification system before.

3.2 Effects on climate

A crucial part of the weather system plays the amount and distribution of solar

radiation received and reflected by Earth and its atmosphere.

Cirrus clouds are composed of ice crystals, occur in the upper troposphere and

they affect the radiation balance in two ways. For outgoing terrestrial radiation

in the infrared region they act like a blanket and protect the Earth from cooling

down (greenhouse effect). For example, beneath a cirrus cloud the air temperature
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raises by 10 ◦C. In the same way they reflect the incoming solar radiation back to

space and prevent the Earth from overheating (albedo effect). The net impact of

cirrus clouds on our climate system is determined by the balance between these two

radiative processes.

Stephens et al. (1990) showed that their scattering calculations reasonably

matched to lidar and radiometer data by assuming a particle size of re = 16µm.

But, by comparing cloud radiation properties measured from aircraft to their

parametrized cloud radiation properties, they derived significantly smaller asym-

metry parameters g than those for spheres. Their climate simulation revealed

that the influence of cirrus clouds on climate was strongly affected by the hardly

known parameters re and g. Additionally, they showed that the assumed value of re

could either enhance or reduce the effect of ice water feedback on a CO2 warming

simulation.

The formation of cirrus clouds depends on water vapour content, temperature,

and atmospheric pressure in the associated altitude. By undergoing deposition,

water vapour develops ice crystals. This process can be observed, for instance, in the

outflow of cyclones or in the anvil of cumulonimbus clouds. The micro-physical and

macro-physical properties like size distribution, asymmetry parameter and shape

vary depending on the cirrus cloud generating weather process. These processes in

turn depend on geographic location.

To conclude, cirrus cloud properties are a function of water vapour content,

temperature, atmospheric pressure, generation process and thus also geographic

location. Consequently, the radiative properties of cirrus clouds over the arctic

differ from those over middle latitudes and the tropics. Although, cirrus clouds are

the object of research for decades and their nature and interaction with the local

weather system is well known the impact of cirrus clouds on the global weather

system is yet to be investigated.
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The motivation of this study can be summarized in three questions.

• How will cirrus clouds respond or feedback to global warming effects?

• Could cirrus clouds reinforce or negate the theoretically predicted global

warming?

• Do aircraft traffic and agricultural activities increase the ice-crystal concentra-

tion in the upper troposphere and thus creating more cirrus cloud cover in a

radiatively important sense?

To answer these questions it is necessary to continuously measure cirrus cloud

properties at as many locations as possible. Lidar is one range-resolved technique

able to measure the basal optical properties. Temperature, humidity and state of

matter can be derived from lidar data since many years.

3.3 The growth of ice crystals

The habits of ice crystals grown from the vapour exhibit a large variety of shape

and size. When ice crystals grew from vapour, its water molecules are aligned in a

hexagonal crystal lattice structure. According to Nakaya (1954), the shape and size

of an ice particle depends closely on the temperature and the excess vapour density

relative to ice of the environment. This classification of growth morphology has been

extended by Hallett and Mason (1958) and by Kobayashi (1961). As seen in Fig. 3.1,

for a low excess vapour density and thus a low growth rate simple crystal shapes

are formed while at higher excess vapour density and thus faster growth rates the

crystal habit becomes more intricate. The shape varies from thin plates over hollow

columns to long needles. In the temperature region of 0 ◦C to −3 ◦C and −10 ◦C to

−20 ◦C plate like crystals are formed. While between −3 ◦C and −10 ◦C and below

−22 ◦C column like crystals dominate. The complex growth process is aggravated

by collisions forming extremely complex crystal shapes. In-situ measurements in

cirrus clouds confirm this thesis. All ice crystals grown from vapour (shown in
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Figure 3.1: Nakaya - Kobayashi diagram, illustrating the morphology of ice crystals as a function of

supersaturation and temperature (Libbrecht, 2001).

Fig. 3.1) can be found in cirrus clouds as well as crystals with high irregular surfaces

formed by collisions, with sizes of a few microns to thousands of microns and in any

composition of shape and size.

3.4 Optical phenomena and resultant properties

First assumptions about the micro-physical properties of cirrus clouds can be made

of distinctive optical phenomena. Cirrus clouds produce optical effects like glories,

halos, parhelia as well as circumzenithal and circumhorizontal arcs. Although these

effects are not always obvious, they can be seen anywhere in the world and at any

season.

A glory consists of concentric colored rings appearing around the shadow of the

observer, the anti-solar point. Glories are attributed to water droplets although they

are also rarely observed formed by cirrus clouds. According to Sassen et al. (1998),

the ice-crystal shape must be near spherical with a diameter of 9− 15µm.

A parhelion is a bright spot of light in the sky on either side of the Sun. They
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appear at 22◦ azimut to the Sun and at the same height above the horizon as the Sun.

They are commonly made of plate shaped hexagonal ice crystals. They bend the

light rays by passing through them with a minimum deflection angle of 22◦. When

plate shaped ice crystals sink through the air they become vertically aligned. Hence,

the sunlight is refracted horizontally and parhelia can be observed. A complete 22◦

ring, or halo, appears if the ice crystals are randomly oriented.

The circumzenithal and circumhorizontal arcs are formed by plate shaped and

vertically aligned ice crystals. At 46◦ underneath the Sun, the circumhorizontal arc

appears as a multi-coloured band running parallel to the horizon. This phenomenon

is formed by sunlight entering a vertical side face of a plate shaped ice crystal and

leaving through the horizontal bottom face.

The circumzenithal arc is an optical phenomenon similar to the circumhorizontal

arc, but it is formed by sunlight entering the horizontal side face of a plate shaped

ice crystal and leaving through a vertical side face. Hence, this phenomenon appears

only on the same side as the Sun. Not more than one quarter of a zenith centered

circle above the Sun is formed.

When optical phenomena appear, they indicate a pure state of particle shape, size

distribution and orientation. But their infrequent presence shows that the required

observation conditions are to rarely fulfilled and the situation is more complex.

3.5 Single scattering on ice crystals

Whereas scattering on molecules and spheric particles can be analytically calculated

due to the hexagonal crystal structure of ice, the scattering on ice crystals is more

complex. Hereby the size and shape of ice particles in cirrus clouds varies from

10µm to 1 mm and from regular shaped plates and columns to complex structures

of hexagonal prisms and sectored dendrites.
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According to Wandinger (1994), the Mueller calculus for randomly distributed

hexagonal ice crystals, having a plane of symmetry, yields to

Is

Qs

Us

Vs


= σsca

r2



P11 P12 0 0

P12 P22 0 0
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Qe
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Ve


. (3.1)

The Stokes vector of scattered light (index s) depends on the radial distance to the

scattering centre r, the scattering cross section σsca and the matrix product of the

scattering phase matrix and the Stokes vector of emitted light (index e). In the case

of exact backscattering, the matrix elements P12, P34 are zero and thus the scattering

phase matrix becomes diagonal for a scattering angle Θ = π. As the equation above

shows, the matrix elements P11, P12 impact on the particle backscatter coefficient

and particle extinction coefficient and the matrix elements P11, P12, P22 yield to the

particle depolarization ratio

δpar(R, λi) = (P11 + P12)− (P12 + P22)
(P11 + P12) + (P12 + P22) = Is −Qs

Is +Qs
. (3.2)

Thus, the intensive properties Spar(R, λi) and δpar(R, λi) can be used as an indicator

of the present ice-crystal type.

3.6 Multiple scattering on ice crystals

All previously discussed equations are valid only for single-backscattered lidar

signals. But this assumption is incorrect for cirrus clouds. The degree of multiple-

scattering influence on the lidar signal depends on the FOV, the distance to the

scattering volume, the ice-crystal type and the ice-crystal size. Up to 50% of the scat-

tered light is scattered into forward direction in the case of ice crystals (Wandinger,

1994). Hence, a fraction of non-backscattered light remains in the FOV. The in-

fluence of multiple scattering on the retrieved lidar signal can be calculated with
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knowledge of the effective particle size re and particle type. As discussed in subchap-

ter 4.5, the particle size of ice crystals can be determined with the HSR channel in

combination with a multiple-FOV setup. But this method was not available for this

study, therefore all presented signals are not multiple-scattering corrected. Thus, the

presented data (subchapter 5.4) is comparable with Chen et al. (2002) and Sakai

et al. (2006) and discussed in the next chapter. As a result, the particle lidar ratio

might be underestimated compared to its true value because the forward scattered

light reduces the retrieved extinction coefficient. According to Wandinger (1998),

Reichard et al. (2000) and Sakai et al. (2003) this underestimation can be up to

50%.

In contrast, double-scattering calculations revealed no significant difference be-

tween the particle depolarization ratio of cirrus clouds for single- and double-

scattered light (Wandinger, 1994).

3.7 Contradictory findings from previous measurements

and simulations of particle depolarization ratio and

particle lidar ratio of cirrus clouds

Different positions about the combined measurement of particle depolarization and

particle lidar ratio are introduced in this subchapter. Especially the question if it is

possible or not to infer micro-physical properties from the application of particle

depolarization and particle lidar ratio has to be investigated more thoroughly. A

comparison and overview of relevant papers is discussed in the following. The

emphasis is on papers about particle depolarization ratio and particle lidar ratio.
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3.7.1 Particle depolarization and particle lidar ratio detected by lidar

Lidar measurements are used to investigate cirrus cloud properties since several

decades. This research is based on the sensitivity of the particle extinction-to-back-

scatter ratio, also called particle lidar ratio and particle depolarization ratio.

Micro-physical properties of ice crystals like size distribution and refractive index

affect the particle lidar ratio. Furthermore, the shape as well as the aspect ratio

of ice crystals influences the particle depolarization ratio. In several papers it is

discussed whether it is possible to retrieve these micro-physical properties or parts

of them by measuring the particle depolarization and particle lidar ratio remotely.

The paper of Chen et al. (2002) and Guasta (2001) are representative for two

different opinions. Chen et al. (2002) used a lidar system located at Chung-Li,

Taiwan to study the particle lidar and particle depolarization ratios for cirrus clouds.

Contrary to this, Guasta (2001) used a simulation code, called "face-tracing", that

is derived from ray tracing. By this Guasta (2001) computed the particle lidar and

particle depolarization ratios of cirrus clouds.

According to the statement of Chen et al. (2002) it is possible to retrieve various

forms of hexagonal crystals by using the particle lidar and particle depolarization

ratios.

Controversial to this statement, Guasta (2001) reported that it would theoretically

be possible to joint estimate the size and aspect ratio of populations of randomly

oriented isomorphic pristine crystals by comparing the experimental data of particle

lidar and particle depolarization ratios with simulated ones. But in a mixture of pris-

tine crystals with different aspect ratios, compact particles have a larger backscatter

efficiency than plates or columns with the same total surface. Consequently, the

presence of compact particles dominate the particle lidar and particle depolarization

ratios regardless of a high incidence of deformed hexagonal crystals. According to

Guasta (2001), in this mixture the particle lidar and particle depolarization ratios

can only be used for a rough estimation of the ice-crystal size through the size

dependency of the particle lidar ratio. In this context Guasta (2001) affirms that
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the particle lidar and particle depolarization ratios are insensitive indicators of the

micro-physical properties of high cirrus clouds when compact pristine ice crystals

are present.

To summarize, the determination of micro-physical properties of ice crystals in

cirrus clouds, as for instance shape, aspect ratio and size distribution, appears

plausible by evaluating particle lidar and particle depolarization ratios. Possible

effects like from compact pristine ice crystals must be considered in the retrieval

algorithm.

3.7.2 Relation between particle depolarization ratio and particle lidar

ratio

The reflection and absorption of particles in mid- to high-level clouds critically

depend on the phase and orientation (Asano, 1983; Liou, 1986). It is therefore

necessary to determine the phase and orientation of those particles. The relation

between the particle depolarization and particle lidar ratio of cirrus clouds are

contradictory reported by Reichard et al. (2002) (Fig. 3.3) and Chen et al. (2002)

(Fig. 3.4). Both reported that the plot of particle depolarization versus particle lidar

ratio splits into two branches, but they measured different correlations. In Reichard

et al. (2002) a strong positive correlation of particle depolarization ratio with particle

lidar ratio for δ . 40 % and an anti-correlation for δ & 40 % is yielded (Fig. 3.3).

Compared to this Chen et al. (2002) reported that the particle depolarization ratio

splits into two branches for S > 30 sr: one branch with high particle depolarization

ratio δ ∼ 50 % and the other one with δ ∼ 20 % (Fig. 3.4). However, the reported

curve progression is antipodal to the results of Reichard et al. (2002). According to

Chen et al. (2002), the difference of the particle depolarization ratios of the two

branches increases by increasing particle lidar ratio values. In contrast, Reichard

et al. (2002) reported that this difference decreases by increasing particle lidar ratio

values.
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Figure 3.2: Sakai et al. (2006), details see below.

Figure 3.3: Reichard et al. (2002), details see below.

Figure 3.4: Chen et al. (2002), details see below.

Correlation of particle depolarization with particle lidar ratio at 532 nm wavelength (Fig. 3.2), 355 nm

wavelength (Fig. 3.3) and 532 nm wavelength (Fig. 3.4). The vertices δ1 and δ2 in Fig. 3.2 were

included for the discussion.
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Unaffected by the latter statements, Sakai et al. (2006) reported that most of

the measured particle depolarization and particle lidar ratio values are within an

area enclosed by two vertices δ1 = f1(S) and δ2 = f2(S) (Fig. 3.2). These two

vertices represent the theoretical values for randomly oriented ice crystals. The

upper vertex δ1 = f1(S) represents randomly oriented ice crystals with an aspect

ratio of c
2a = 1.25 and the lower vertex δ2 = f2(S) represents randomly oriented ice

crystals with an aspect ratio of c
2a = 5.9.

Sakai et al. (2006) used a lidar system with a laser at λ = 532 nm wavelength and

2 mrad field of view of the receiver to measure the micro-physical properties of upper

clouds at an altitude range of 5 − 11 km over Tsukuba, Japan. Chen et al. (2002)

used a lidar system with a laser at λ = 532 nm wavelength to probe cirrus clouds

over Chung-Li, Taiwan. Reichard et al. (2002) used a two-wavelength polarization

Raman DIAL to probe cirrus clouds over Esrange, Sweden. The wavelengths of

the emitted laser light were λ = 308 nm and λ = 355 nm. The discussed values are

measured at λ = 355 nm wavelength. So the discrepancy might be due to the used

wavelength or due to different cirrus particles that were observed.

To summarize, three different statements about the correlation of the particle de-

polarization with the particle lidar ratio of particles in cirrus clouds were introduced.

First, the particle depolarization ratio splits into two branches. With increasing

particle lidar ratio values, the difference of these two branches decreases (Reichard

et al., 2002). Second, the particle depolarization ratio splits into two branches.

But with increasing particle lidar ratio values, the difference of these two branches

increases (Chen et al., 2002). Third, most of the values for particle depolarization

and particle lidar ratio are enclosed between two vertices witch represents randomly

oriented ice crystals with an aspect ratio of c
2a = 1.25 and c

2a = 5.9 respectively

(Sakai et al., 2006). It might be possible to distinguish the phase and orientation of

randomly oriented ice crystals by measuring the particle depolarization and particle

lidar ratio (Sakai et al., 2006).
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The multi-wavelength depolarization Raman lidar BERTHA (Backscatter, Extinction,

lidar Ratio, Temperature Humidity Apparatus) is a container-based system (Fig. 4.2)

and described by Althausen et al. (2000). Parts of this system were used to build

a HSRL (Oelsner, 2012). These parts were in particular the wavelength stabilised

Nd:YAG laser, the Cassegrain receiver telescope, the Raman channel at 607 nm

wavelength, and the total channel at 532 nm wavelength.

Based on this, a new lidar system was designed to measure profiles of the particle

depolarization ratio at three wavelengths (355 nm, 532 nm, 1064 nm), the particle

extinction coefficient at three wavelengths (387 nm, 532 nm, 607 nm), the water

vapour mixing ratio, and the tropospheric temperature profile.

On that basis, a depolarization channel was added to the lidar system BERTHA

in course of this study. The depolarization channel was characterised and its

transmission ratio determined. An occurring cross talk in the HSR channel was

examined and explained on the base of a non negligible relaxation time of excited

states of Iodine vapour in the cell. After the measurement of cirrus clouds on

31-07-2012 has been presented this chapter closes with an outlook on the complete

lidar system BERTHA.

4.1 Lidar system BERTHA

With the added depolarization channel the lidar system BERTHA is able to measures

the depolarized signal at 532 nm wavelength, the Raman backscattered intensity

from Nitrogen molecules at 607 nm wavelength, and the Rayleigh-Brillouin scattering
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signal at 532 nm wavelength. Therefore a depolarization channel was added to the

existing HSRL system.

The general setup of the lidar system is shown in Fig. 4.1. Laser pulses at 1064 nm

wavelength with 1.6 J/pulse are generated by a seeded Nd:YAG laser (Continuum,

Powerlite 9030; Fig. 4.1, 1). After this laser, a second harmonic generation crystal

is used to generate pulses at 532 nm wavelength having an energy of 600 mJ/pulse.

The beam separator (Fig. 4.1, 6) reflects the light with 532 nm wavelength and

transmits the radiation with 1064 nm wavelength which is dumped by the element

(7). Hence, only pulses with 532 nm wavelength are emitted into the atmosphere.

The wavenumber of the emitted light is monitored with a wavemeter (TOPTICA

Photonics AG, WSU/30; Fig. 4.1, 3 ). This wavemeter is periodically calibrated

with a continuous-wave HeNe laser (632.9914 nm in air, accuracy of ±0.0003 nm;

Fig. 4.1, 4). By this, the seeder can be controlled and tuned to the wavenumber of

the iodine absorption line #1109 by adjusting the seeder voltage setting (Fig. 4.1, 2).

The generated light pulses are transmitted through expansion and steering optics

(Fig. 4.1, 8, 9) and deflected by a deflecting-mirror at an zenith angle of 5◦ into the

atmosphere.

At the receiver side, a deflecting-mirror reflects the backscattered light to the

Cassegrain telescope (Fig. 4.3). Its parabolic primary mirror (Fig. 4.3, 1) has a

diameter of 530 mm, the effective focal length of the telescope is 2973 mm. The

aperture of 2.4 mm (Fig. 4.3, 4) yields to a FOV of 0.8 mrad. An off-axis parabolic

mirror (Fig. 4.3, 5) collimates the backscattered light, reflects it into the optical

setup with the camera to control the overlap and with the four detection channels.

The vibrational-rotational Stokes-Raman backscattered light by Nitrogen mole-

cules has a central wavelength of 607.3 nm. It is detected by the Raman channel that

consists of neutral density filters, an interference filter with a central wavelength of

607.3 nm and a FWHM of 3 nm, a focusing lens, and the PMT detectors.

The HSR channel consists of neutral density filters, the iodine-vapour cell, lenses to

guide the light through the cell and to focus it onto the photomultiplier detector. The
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Figure 4.1: Configuration of BERTHA with its emitter and receiver (adopted from Oelsner (2012)

and modified).

1 Continuum Powerlite 9030 Laser 8h Non-polarizing plate beam splitter

(Nd: YAG, 1064 nm and doubled to 532 nm) for the wavelength 532 nm (50/50)

2 Seeder voltage setting to adjust the seeder 9 Aperture (2.4 mm diameter)

within a range of ±10 GHz 10 Neutral density filter

3 Wavemeter to control the laser pulse wavelength 11a Interference filter (607.3 nm)

4 Reference laser 11b Interference filter (532.075 nm)

(HeNe, 632.9914 nm in air, accuracy of ±1 MHz) 12 Lenses

5 Collimator 13 Iodine-vapour cell

6 Dichroic beam splitter with housing for temperature control

(high transmittance at 1064 nm, high reflectance at 532 nm) 14 Photomultiplier

7 Beam dump for laser pulses at 1064 nm wavelength 14a Detector for Raman channel

8a Mirror (532 nm) 14b Detector for HSR channel

8b Mirror (532 nm, polished backside, transmission < 1h) 14c Detector for depolarization channel (532 nm)

8c Mirror (532 nm, metal coated) 14d Detector for total channel (532 nm)

8d Parabolic primary Mirror 15 Emitted laser pulse

8e Hyperbolic secondary Mirror 16 Stray radiation

8f Off-axis parabolic Mirror 17 Backscattered light

8g Dichroic beam splitter

(high transmittance at 607 nm, high reflectance at 532 nm)
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Figure 4.2: Container housing of BERTHA. The deflecting-mirror to deflect the laser pulse into the

atmosphere and reflect the incident light to the telescope can be seen on the front right

side of the picture (made by D. Althausen).

Figure 4.3: The Cassegrain telescope of BERTHA’s receiver. 1: Parabolic primary mirror, 2: Hyperbolic

secondary mirror, 3: Deflecting-mirror, 4: Aperture, 5: Off-axis parabolic mirror, 6: Fo-

cusing lenses and detector. Simulated with Zemax (Zemax Development Corporation,

2010).
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illuminated volume inside the iodine-vapour cell has a double cone shape to ensure

no shading and reflection effects. To suppress possible fluorescence radiation, an

interference filter with 532.075 nm central wavelength and 1 nm FWHM is installed

after the iodine-vapour cell.

The Raman channel and HSR channel measure only the backscattered light

in a narrow range of wavelength. Whereas the total channel measures as well

backscattered light from particles (Mie-scattering) as from molecules (Rayleigh-

scattering) at 532 nm wavelength. Also the total channel consists of neutral density

filters, an interference filter with 1 nm FWHM, and a lens to focus the light onto the

PMT detector.

Those three channels measure the backscattered light regardless of the polariza-

tion state of light. A depolarization channel is added to BERTHA to measure the

linear depolarization of backscattered light. The configuration of this channel is the

same as for the total channel except of the additional integrated polarization filter

that is rotated perpendicular to the polarization direction of the emitted laser light.

4.2 Depolarization-channel characterization

The determination of the backscatter coefficients, extinction coefficients and depo-

larization ratios depends on the transmission of the detection channels that can

be different for light with different polarization directions. Baars (2012) cited

and derived these relations in a detailed manner. Based on this findings, a short

summary is given concerning the depolarization ratio using the transmission ration

D of the depolarization channel. The ratio of the channel transmission efficiencies

regarding parallel-polarized η‖ and perpendicular-polarized η⊥ light with respect to

the polarization orientation of emitted laser light

D = η⊥

η‖
(4.1)

is defined as transmission ratio (Mattis, 2002; Mattis et al., 2009). The transmission

ratios of the four detection channels were investigated with a special setup for
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Figure 4.4: Transmission efficiency of the depolarization channel as a function of the angle of the

polarization filter (black squares). The red line shows the fit using Eq. 4.2.

polarization dependent measurements. This setup consists of a combined deuterium

and halogen light source (getLight-DHS by Sentronic GmbH, Germany), an optical

fiber, a collimating lens, and a motorized rotary positioning polarization filter for

polarizing the light output from this setup. The linear-polarized light is reflected

from the mirrors of the telescope into the receiver unit with its detection channels.

Rotating the polarization filter changes the polarization orientation of the incident

light. The PMT detector of each channel works in photon counting mode, thus

the incident light is measured in counts. The result of this depolarization-channel

characterizing measurement is shown in Fig. 4.4 (black squares). The combined

sinusoidal linear fit

y = y0 + Ax+B sin
(
x− xc

w

)
y0 [counts] A [counts/deg] B [counts] xc [deg] w [deg]

0.394 4.853 · 10−5 0.388 −63.169 29.036

(4.2)

was applied to determine the transmission ratio. By using this equation, the offset
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y0, the amplitude B, the angle offset xc, the period w, and an possible linearly

increasing light intensity change by the light source during the measurement. The

linear term with the factor A has been included due to consider the time required to

stabilize the intensity of light. Its low value of A = 4.853 · 10−5 counts/◦ shows that

the light intensity was already almost stabilized before the measurement. Hence,

the transmission ratio can be determined with

D = y0 +B

y0 −B
(4.3)

giving a value for the depolarization channel of Ddepol = 130.33 that had been used

for the calculation of the particle depolarization ratio.

The determined transmission ratios of the other three channels (shown in ap-

pendix 7.3) revealed no significant sinusoidal behaviour and no significant corre-

lation of the orientation of the polarization filter with the channel-transmission

efficiencies. Hence, the proposed Eq. 4.3 was not applied to these channels.

4.3 Influence of the relaxation time of excited states of

iodine vapour on HSRL signals

As discussed by Oelsner (Oelsner, 2012), the transmission of the iodine-vapour cell

in BERTHA is non negligible at the maximum of the absorption line. A fraction

of the light backscattered by particles can actually pass the iodine-vapour cell.

This behaviour is called "cross talk", the respective parameter was determined by

Oelsner to κp = (6.3− 7.4) · 10−3 for the iodine cell used in BERTHA. Although this

assumption of a static cross talk parameter works fine for the most cases of high

clouds, for cloud layers at low altitudes it has significant effects. In Fig. 4.5 profiles

of particle backscatter and particle extinction coefficients are shown that had been

determined with the Raman and with the HSR method. This measurement case

was taken with BERTHA at the Leibniz Institute for Tropospheric Research Leipzig

on 31-07-2012. It can be seen in Fig. 4.5 that the HSR method underestimates
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Figure 4.5: Profiles of particle backscatter and particle extinction coefficient determined with Raman

and HSR method assuming no relaxation time of the excited vibronic states of iodine

vapour and a constant suppression of the backscattered light from particles by the HSR

channel of κp = 6.3 · 10−3 (31-07-2012).

the particle backscatter coefficient within the range from 1000 m to 2500 m altitude

compared to that determined with the Raman method. Also, the HSR method

underestimates the particle extinction coefficient an altitude of 1800 m and then

overestimates it at 2200 m altitude. In this altitude range, the extinction coefficient

maximum retrieved with the HSR method is at a higher altitude compared to that

retrieved with the Raman method. In contrast, the profiles of the particle backscatter

coefficient retrieved with the HSR and the Raman method, respectively, are very

similar in the range of 8000 m to 12000 m altitude. The profiles of the particle

extinction coefficient retrieved with the HSR and the Raman method, respectively,

shows the same behaviour in this altitude range and match with their mean values.

Considering a fraction of particle backscattered light passing the iodine-vapour cell,
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Oelsner (2012) used a modified equation for the HSRL signal:

PHSRL(R, λHSRL) = K(λHSRL)G(R) [κm βmol(R, λHSRL) + κp βpar(R, λHSRL)]

×T (R, λ0)T (R, λHSRL) .
(4.4)

Hence, the assumption of a constant cross talk parameter shows good agreement of

the results retrieved with these two methods for those clouds at higher altitudes.

A fraction of backscattered light from the atmospheric molecules is attenuated

by the iodine-vapour filter. This fraction is a function of altitude since the intensity

of Rayleigh-Brillouin backscattered light depends on atmospheric temperature and

pressure. According to Oelsner (2012), this molecular transmission factor results

from the convolution of the iodine-vapour filter characteristic τJ2(ν), the Rayleigh-

Brillouin spectrum Y (ν, Temp, p) and the laser spectrum l(ν) normalized to the

convolution of Y (ν, Temp, p) and l(ν):

κm(T, p) =
∫ ∫

τJ2(ν)Y (ν ′, Temp, p)l(ν − ν ′)dν ′dν∫ ∫
Y (ν ′, Temp, p)l(ν − ν ′)dν ′dν

. (4.5)

A fraction of particle backscattered light is not completely attenuated by the iodine-

vapour cell. Oelsner (2012) took this fact into consideration by including a constant

transmission factor for particle backscatterd light κp and tried to determine it

empirically with good results for high clouds (Fig. 4.5).

Due to the coaxial design and the high laser pulse energy of 600 mJ at 532 nm

a non negligible fraction of emitted light is scattered into the telescope (Fig. 4.1,

16) before the laser pulse is transmitted into the atmosphere. According to Schuldt

(2003), this causes a saturation effect leading to a population inversion of the I2

spectral transition line #1109 and thus to an increase of κp. The relaxation process

of excited I2 molecules can be radiative and non radiative.

Taking into account this saturation effect, detailed examination of κp revealed

an exponential decay with increasing altitude as shown in Fig. 4.7. Different

values of κp were found to adapt the HSRL signal to the Raman signal for the

measurement cases 31-07-2012, 12-08-2012, and 15-08-2012 at different values

of altitude (shown in Fig. 4.7). The red line in Fig. 4.7 shows the corresponding
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Figure 4.6: Profiles of particle backscatter and particle extinction coefficient determined with Raman

and HSR method assuming the mean decay time of excited vibronic states of iodine

vapour to τdec = 5µs and the constants κ0
p = 9 · 10−3, κ1

p = 9 · 10−2 (31-07-2012).

exponential decay function with a mean decay time of τdec = 5µs, corresponding to

a distance of 1500 m.

Relaxation process Decay constant Description

I∗2 −→ I2 + hν kr fluorescence

I∗2 −→ I + I knr dissociation

I∗2 + I2 −→ I + I + I2 ks collisional dissociation

According to Masiello et al. (2003), the overall decay constant for exited states of

iodine vapour is the sum of the individual decay constants

k = 1
τdec

= kr + knr + ks
p(I2)

kBTemp
(4.6)

and depends on the pressure of iodine vapour p(I2) and its thermodynamically

energy kBTemp. In Fig. 4.8 the increase of lifetime for decreasing values of pressure
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p(I2) is shown. Hence, the number concentration of excited states becomes

n(t) = n0 exp
{
−t
[
kr + knr + ks

p(I2)
kBTemp

]}
, (4.7)

in which n0 is the initial concentration of excited iodine (i.e., immediately after the

laser pulse) and t is the time after excitation. The transmission of the iodine cell for

backscattered light from particles is related to the number concentration of excited

states for the spectral transition line #1109 by

κp(t) = κ0
p + σa n(t) l

κp(z) = κ0
p + κ1

p exp
{
− 2z
c τdec

} (4.8)

a constant transmission factor κ0
p referring to the case of enough iodine molecules

not being excited and, an initiated transmission factor κ1
p referring to the number

of excited iodine molecules by the the emitted laser pulse, the specific absorption

cross section σa, the length of the iodine cell l, the time after the initiated excitation

t = 2z/c, the altitude z and the speed of light c.

The particle backscatter and extinction profiles are changed by using κp(t) instead

of the constant κ0
p. This is exemplarily shown for the measurement case of 31-07-

2012 in Fig. 4.6. Here, the particle backscatter and extinction coefficients have been

determined using the time dependent κp(t) function of Eq. 4.8. As can be seen in

Fig. 4.6, the previously discussed differences (especially the vertical shifts) mainly

disappear.

There is still an underestimation of the extinction coefficient around 2000 m

altitude by the HSR method. This underestimation could not be investigated

within this study, might be caused by overlap effects and will be subject to further

investigations.

The parameters of Eq. 4.8 have been found by fitting the profiles determined

with the HSR method to the profiles determined with the Raman method for

three measurement cases (31-07-2012, 12-08-2012 and 15-08-2012) and in the

altitude region from 500 m− 9600 m. The fit shown in Fig. 4.7 yields the constant

transmission factor, the initiated transmission factor and the relaxation time of the
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excited iodine states. The results are κ0
p = 9 · 10−3, κ1

p = 9 · 10−2 and τdec = 5µs.

The constant transmission factor is very close to the transmission factor determined

by Oelsner (2012). This factor can be considered as transmission factor in case

of no saturation effects. The initiated transmission factor defines the additionally

reduction of absorption capability by the iodine-vapour cell initiated due to the

saturation effect. The determined mean decay time τdec = 5µs is about double of

the relaxation time of neighbouring fluorescence levels determined by Masiello et al.

(2003) for the pressure of 28.7 Pa. The pressure of 28.7 Pa is less than 62.3 Pa, which

is the vapour pressure of iodine at 30 ◦C. Since it is not possible to measure the

actual vapour pressure inside the used iodine cell, these discrepancies could not be

investigated within this study.

As a consequence of the discussed saturation effect, an additionally transition line

broadening should be expected as discussed by Schuldt (2003). Spectral transitions

are not infinite fine. In addition to the natural line broadening as the lower limit,

other line broadening effects have to be taken into account (Demtröder, 2000). If the

transition probability is equal for all molecules, the corresponding line broadening

is called homogeneous and the transition depends not on an additional parameter.

Oelsner (2012) discussed the natural line broadening (homogeneous), Doppler

broadening (inhomogeneous) and pressure broadening (homogeneous). Based on

the absorption coefficient for a naturally line broadened transition (Demtröder,

2000)

αabs(ω) =

(
γ
2

)2

(ω − ω0)2 +
(
γ
2

)2 (4.9)

with the FWHM γ and the central angular frequency ω0 of the transition line, the

absorption coefficient can be described for saturation broadening.

For homogeneous broadened lines the additional broadening by saturation

(Demtröder, 2000) yields to a modified value of the FWHM of the absorption

coefficient dependency on the frequency

γsat = γ
√

1 + S0 (4.10)
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Figure 4.7: Plot of transmission factor for particle backscattered light κp versus altitude (black

squares), and a corresponding exponential decay function with a mean decay time of

τdec = 5µs corresponding to a distance of 1500 m (red line).

Figure 4.8: Plot of logarithmic fluorescence intensity ln(If ) versus time for I2 for different pressure

values [Pa]. The decay constant −k can be read from the slope of each plot (Fig. adopted

from Masiello et al. (2003)).
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that depends additionally on the saturation parameter

S0 = I

Isat
. (4.11)

This parameter is the fraction of incident light intensity I to the saturation light

intensity Isat, an intensive property of each transition line. Isat can be determined

by spectral absorption spectroscopy and has the value Isat = 0.985 mW/mm2 for the

neighboured transition line 1105 (Schuldt, 2003). Hence, the value of Isat for the

transition line #1109 can be estimated to be in the same order of magnitude.

According to Demtröder (2000) and with Eq. 4.10, and Eq. 4.11 taken into

account, Eq. 4.9 yields to

αsat(ω) = αabs(ω0)

(
γ
2

)2

(ω − ω0)2 +
(
γsat
2

)2 . (4.12)

As a conclusion, the discovered decay of the transmission factor for particle

scattered light κp was discussed in terms of the relaxation time of excited states of

iodine vapour and an exponential function was proposed to describe it. This function

is motivated by the saturation effect which is known from fluorescence spectroscopy

and results in a good matching between the HSRL and Raman retrieved profiles of

particle backscatter and particle extinction coefficient. The saturation effect depends

mainly on the incident light intensity (Eq. 4.11). The described double cone shaped

way of light in the iodine-vapour cell (described in subchapter 4.1) might enhance

the saturation effect. As a consequence, an additional broadening effect due to

saturation has to be considered. Further investigations are necessary to examine

and compare the shown results. It appears possible to retrieve the particle lidar

ratio solely with the HSR channel, if the parameters of saturation dependent filter

transmittance and its influence on the received HSR signal are well known.
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4.4 Measurement of cirrus clouds on 31-07-2012

The following measurement was taken at the Leibniz Institute for Tropospheric

Research in Leipzig on 31-07-2012. The temporal development of the range cor-

rected signal at 532 nm wavelength is shown in Fig. 4.9 for the time period between

20:14 UTC and 22:44 UTC. Occasionally a layer at 2 km altitude reduced the signal

from higher altitudes significantly, so the time period between 21:38 UTC and

22:44 UTC was used for data retrieval. The used radiosonde data were taken from

the WRF-model to get the temperature and pressure profiles. During this measure-

ment a cirrus cloud was present with a cloud base altitude of 8 km and a geometrical

depth of 3− 4 km.

As can be seen in Fig. 4.9, the altitude and optical depth of this layer decreased

with time. The corresponding temporal development of the range corrected particle

depolarization signal at 532 nm wavelength is shown in Fig. 4.10. This signal

remained nearly constant at the altitude between 8 km and 12 km.

As discussed in subchapter 4.3, a crosstalk of backscattered light from particles

influences the measurement by the HSR channel. This can be seen when the

temporal development of the range corrected HSR signal (Fig. 4.12) is compared

with the total signal (Fig. 4.9). The light scattered by particles at an altitude of 2 km

detected in the total channel is also detected in the HSR channel. However, the light

backscattered by particles should be suppressed by the iodine-vapour cell and thus

the HSR channel is supposed be comparable to the Raman channel (Fig. 4.11) in the

retrieved signals. Considering this crosstalk with a distance dependent exponential

decay law for the transmission factor κp(z) (Eq. 4.8) yields to the profiles of the

particle extinction and backscatter coefficients (Fig. 4.6).

The retrieved profiles of particle depolarization ratio and particle lidar ratio are

smoothed over 121 bins. This means the measured values of the cirrus cloud are

only independent of atmospheric volumes outside the cirrus cloud if the chosen

measurement altitude is at a minimum distance of 453.75 m inside the cirrus cloud.

Hence, the average values of particle depolarization ratio and particle lidar ratio
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Figure 4.9: Range corrected signal at 532 nm wavelength, total channel.

Figure 4.10: Range corrected signal at 532 nm wavelength, depolarization channel.
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Figure 4.11: Range corrected signal at 607 nm wavelength, Raman channel.

Figure 4.12: Range corrected signal at 532 nm wavelength, HSR channel.
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were determined in the altitude range from 10 km to 11 km. In this altitude range,

the molecular and particle depolarization ratio remains approximately constant. It

varied between δpar = 6.9% and δpar = 8.4% and has an average value of δpar = 7.2%.

The corresponding average value of the particle lidar ratio has been determined

to Spar,Ra = 25 sr using the Raman method and to Spar,HSRL = 20 sr using the HSR

method. The particle lidar ratio varied between Spar,Ra = 13 sr and Spar,Ra = 38 sr if

it has been determined with the Raman method and between Spar,HSRL = 2 sr and

Spar,HSRL = 33 sr if it has been retrieved with the HSR method.

To conclude, the retrieved particle lidar ratios are in the range of the formerly

measured and calculated values (appendix 7.2). But the determined particle de-

polarization ratios are smaller than the formerly measured and calculated values

(appendix 7.2). There are two main reasons for these unusually low values of

particle depolarization ratio. One possible explanation is the presence of small

crystals in the size region of a few microns as described by Liou et al. (2000). But

according to Yang and Liou (2000), the corresponding particle lidar ratios should

then be larger than 120 sr. The second explanation is instrumental. According

to Freudenthaler et al. (2009), the reason for the observed unusual low particle

depolarization ratios could be due to several instrumental uncertainties. A small

misalignment of the polarization filter in the receiver with respect to the polarization

orientation output laser-beam can lead to large errors. To solve the problem, a so

called ±45◦-calibration method is presented in Freudenthaler et al. (2009). This

method is more robust against misaligned calibration angles as shown in Freuden-

thaler et al. (2009). To implement this calibration method to the lidar system

BERTHA, a motorized polarization filter is proposed to be installed as described in

the following subsection.
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4.5 Contributions to complete the receiver of the lidar

system BERTHA, an outlook

At the moment the particle depolarization ratio and particle lidar ratio can be deter-

mined at daytime with the HSR method, and at nighttime with the HSR method and

Raman method. This setup showed capabilities for investigations of atmospheric

ice particles. However, further modifications are necessary to reduce, or better to

eliminate, the occurring crosstalk in the HSR channel and to calibrate the depolar-

ization channel with the ±45◦-calibration method. Additionally, more channels will

be installed to investigate the particle depolarization ratio at three wavelengths,

the backscatter coefficient at three wavelengths, the extinction coefficient at three

wavelengths, the water vapour mixing ratio and the tropospheric temperature pro-

file. Also, a motorized aperture will be installed to prepare the lidar system for

measurements at several FOVs.

The current and the future receiver setup can be compared using Figs. 4.13 and

4.14. An off-axis parabolic mirror (Fig. 4.13, 1) collimates the incident light and

reflects it into the setup of beam splitters. Simulations with the ray tracing software

Zemax (Zemax Development Corporation, 2010) revealed a critically image slant of

the primary parabolic mirror surface caused by the off-axis parabolic mirror. Hence,

the off-axis parabolic mirror will be replaced by two collimating lenses and a deflect-

ing flat mirror (Fig. 4.15, 5 and 6). These three optical elements will be mounted

together on top of a compact-unit (Fig. 4.15), which also contains a stray light

protector to improve the signal-to-noise ratio, a motorized aperture and a motorized

rotary-positioning polarization-filter. This adjustable polarizing filter will be installed

to fulfil the requirements of implementing an automated ±45◦-calibration method.

The motorized aperture opens the possibility of multiple-FOV measurements that

would allow investigations to the particle sizes in cirrus clouds (Eloranta and Kuehn,

2002). The lidar system is designed to detect inelastically backscattered light, elas-

tically backscattered light and linear-depolarized backscattered light. Therefore
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Figure 4.13: The receiver of BERTHA. 1: Off-axis parabolic mirror, 2: Raman channel (607 nm),

3: Camera, 4: Total channel (532 nm), 5: Depolarization channel (532 nm), 6: Iodine-

vapour cell, 7: Detector for the HSR channel, Mirrors and beam splitters are drawn

black. Designed with Inventor 2013 (Autodesk Inc., 2012).

Figure 4.14: The receiver of the complete lidar system BERTHA. 1: Compact-unit housing, 2: De-

flecting flat mirror, 3: Raman channel (387 nm), 4: Depolarization channel (355 nm),

5: Total channel (355 nm), 6: Raman channel (407 nm), 7: Fiber optic coupling unit to

rotational Raman channels for temperature measurements, 8: Camera, 9: Total channel

(532 nm), 10: Depolarization channel (532 nm), 11 and 12: HSR channel, 13: Total chan-

nel (1064 nm), 14: Depolarization channel (1064 nm), 15: Raman channel (607 nm),

Mirrors and beam splitter are drawn black. Designed with Inventor 2013 (Autodesk

Inc., 2012).
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Figure 4.15: Compact-unit consisting of 1: Stray light protector, 2: Motorized aperture, 3: Motorized

rotatable polarization filter, 4: Housing, 5: Lens tube with collimator, 6: Deflecting flat

mirror. Designed with Inventor 2013 (Autodesk Inc., 2012).

the system will have five channels for detection inelastically backscattered light

at 387 nm, 407 nm, 532 nm, and 607 nm wavelength. The elastically backscattered

light will be detected by three channels, at 355 nm, 532 nm and 1064 nm wavelength.

The Doppler broadened backscattered light will be detected by 532 nm wavelength

using the HSR method. The linear depolarization will be detected by three channels

at 355 nm, 532 nm and 1064 nm. To suppress the discussed crosstalk, the optical

design of the HSR channel will be changed. Currently, the illuminated volume inside

the iodine cell has a double cone shape (Fig. 4.1, 13) to ensure no shading and

reflection effects. But as discussed in subchapter 4.3, it is supposed that this shape

of illuminated volume enhances the crosstalk since the energy density gets larger at

the apexes. In order to ensure a cylindrical shaped illuminated volume inside the

iodine-vapour cell, the optical design will be changed.
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depolarization ratios of cirrus clouds

Measurements with BERTHA not only require complex and time-consuming prepa-

rations but also a constant monitoring. For this reason, the intensive properties

particle lidar ratio and particle depolarization ratio of cirrus clouds are retrieved out

of long-term measurements with the automated depolarization Raman lidar PollyXT .

In the following this lidar system is briefly described and an example measurement

is presented. The data measured at the Leibniz Institute for Tropospheric Research

Leipzig are presented and discussed in the last subchapter.

5.1 Lidar system PollyXT

The compact and automated multi-wavelength polarization Raman lidar PollyXT

(POrtable Lidar sYstem eXTended) is a so called 3+2+1 system. It emits light at three

wavelengths and allows the determination of the particle backscatter coefficient

at three wavelengths, the particle extinction coefficient at two wavelengths and

the particle depolarization ratio at one wavelength. The system is described by

Althausen et al. (2009) in detail and Engelmann et al. (2012). The following system

information are from these publications and presented without explicit citing.

PollyXT is housed in a rainproof cabinet. Its major parts are shown in Fig. 5.1.

Basically, PollyXT consists of three main components. These are the emitter, the

receiver with data acquisition and the equipment for housing the optics and elec-

tronics. On the emitter side, a Nd:YAG laser (Continuum Inlite III) emits laser
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light pulses at 1064 nm wavelength with a repetition rate of 20 Hz. These pulses are

frequency doubled to 532 nm wavelength and tripled to 355 nm wavelength with

second and third harmonic generating crystals (Fig. 5.2, E0, SHG & THG). The

corresponding pulse energies are 180 mJ/pulse at 1064 nm wavelength, 110 mJ at

532 nm wavelength, and 60 mJ/pulse at 355 nm. The laser light diameter of 6 mm is

increased to 45 mm by a beam expander (Fig. 5.2, E3). Thus, the beam divergence

of the laser light emitted into the troposphere is reduced from 1.5 mrad to below

0.2 mrad.

On the receiver side, a Newtonian telescope with a main mirror diameter of

30 cm, a focal length of 0.9 m and a FOV of 1 mrad collects the backscattered light.

The received light is reflected through a pinhole (Fig. 5.2, R3) into the receiver.

Inside the receiver, the incident light is separated by dichroitic beam splitters and a

polarizer and detected by seven photo-multiplier-tube (PMT) detectors working in

photon counting mode. Fast Comtec data acquisition cards are used to acquire the

received data (Fig. 5.1, 7). The spatial resolution of the data acquisition is 30 m. A

computer is used to store the acquired data with a temporal resolution of 30 sec and

to control the overall system performance.

In this study, the channel for measuring the elastic-backscattered signal at 532 nm

wavelength, the channel for measuring the depolarized signal at 532 nm wavelength

and the channel for measuring the Raman backscattered signal from atmospheric

nitrogen molecules at 607 nm wavelength are used. The corresponding FWHM of

the filter bandwidth are 1.12 nm, 1.12 nm and 0.31 nm. Contrary to BERTHA, no

HSR channel is installed in PollyXT and hence no measurement of the particle lidar

ratio is possible during daytime. A motorized filter wheel with polarizing filters in

different orientations is installed for the calibration of the depolarization channel.
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Figure 5.1: The depolarization Raman lidar system PollyXT in its rainproof cabinet. This figure is

adopted from Althausen et al. (2009). 1: Laser head, 2: Laser power supply, 3: Beam

expander, 4: Receiver telescope, 5: Receiver with seven channels, 6: Power supply, 7: Com-

puter with data acquisition and interface cards, 8: UPS, 9: Air conditioner, 10: Sensor for

outdoor temperature and rain, 11: Roof cover.

Figure 5.2: Optical setup of PollyXT . E0: Laser, E1 & E2: Second and third harmonic generating

crystals, E3 & E4: quartz prism, E5: Beam expander, R1: Primary mirror, R2: Secondary

mirror, R3: Pinhole, R4: Achromatic lens, R5 - R13: Beamsplitter, R15: Polarization filter,

CAM: Camera.
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5.2 Calibration and measurement errors

The ratio between perpendicular polarized light and parallel polarized detected by

a channel is its transmission ratio D. This ratio should be high for depolarization

channels and for channels detecting unpolarized light it should be 1. According to

Mattis et al. (2009), the uncertainty of retrieved lidar signals is higher than 5% when

the transmission ratio of the total-backscatter channel is below 0.85 or higher than

1.15. As reported by Baars (2012), the total-backscatter signal at 532 nm wavelength

depends on the polarization plane of incident light for PollyXT . Thus, the measured

depolarization signal has to be corrected. This is done in accordance to Grein (2006)

and Mattis et al. (2009) as following:

P corr(R, 532 nm) = Pmeas(R, 532 nm) 1 + δvol(R, 532 nm)
1 + D532 nm δvol(R, 532 nm) . (5.1)

According to Baars (2012) the filter-dependent molecular depolarization has to be

taken into account for the calculation of the particle depolarization ratio. The molec-

ular depolarization signal consists of Cabannes line induced and rotational-Raman

line induced depolarization. While the Cabannes line induces a molecular depolar-

ization ratio of 0.00395 and contributes with 97.3% to the molecular backscattered

light, the rotational-Raman line induces a molecular depolarization ratio of 0.75

and contributes with 2.7% to the molecular backscattered light (Baars, 2012). This

distribution of the Raman lines depends on ambient-temperature and thus leads to

a partially attenuation of the depolarization signal for narrow-band filters. This de-

pendence on ambient-temperature affects the retrieval of the particle depolarization

ratio and can be calculated in accordance to Wandinger (2005b) for known filter

transmission curves.

The alignment uncertainty of the laser’s polarization plane to the plane of the

polarizer transmission leads to large errors of the received depolarization signal.

According to Freudenthaler et al. (2009), due to the ±45◦-calibration method these

errors compensate each other for a large range of misalignments. Therefore, a

motorized filter wheel containing polarizer perpendicular in their orientation of

54



5 Particle lidar ratios and particle depolarization ratios of cirrus clouds

transmission is installed in PollyXT .

For the lidar system BERTHA, Tesche (2011) used the Gaussian error propagation

law to calculate the random error of the particle lidar ratio in terms of a random

error in the particle backscatter and extinction coefficient as

∆Spar(R, λi)
Spar(R, λi)

=

√√√√(∆αpar(R, λi)
αpar(R, λi)

)2

+
(

∆βpar(R, λi)
βpar(R, λi)

)2

. (5.2)

Tesche (2011) showed that this approach results in a value of 20% for the retrieved

particle lidar ratio at 532 nm wavelength. As the PMT-detector count-rates and

the Raman-channel structure of BERTHA is comparable to those of PollyXT , the

uncertainty of the retrieved particle lidar ratio apply also to that of PollyXT .

5.3 Measurement of cirrus clouds on 16-08-2012

Just like all measurements taken for this study, also this measurement has been taken

at the Leibniz Institute for Tropospheric Research in Leipzig. The measurement on

16-08-2012 was selected to describe the procedure of data retrieval, combination

and determination of deduced quantities in detail. Radiosonde data are used to

calculate the molecular contribution. These data were taken from radio-soundings

at the meteorologic observatory Lindenberg (WMO 10393 LINDENBERG) started at

00:00 UTC. This weather station is located approximately 150 km in the north-east

of Leipzig. The temporal development of the range corrected signal at 1064 nm

wavelength is shown Fig. 5.3 for the period between 19:20 UTC and 19:49 UTC.

A cirrus cloud was present during this measurement period. The mean cloud base

altitude was at 8.5 km, the geometrical depth of the cloud varied between 3 km and

3.5 km. At the bottom of the cirrus cloud, the particle depolarization ratio at 532 nm

wavelength increases from 0% at 8 km altitude to more than 40% at 8 km altitude.

This is an excellent example for the detection of cirrus clouds by retrieving the

depolarization ratio out of lidar measurements as shown in Fig. 5.4. The particle

depolarization ratio remains nearly constant at a mean value of 46% in the whole
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16-08-2012, Time [UTC]

Range-corrected signal, total channel (1064 nm), PollyXT, Leipzig, Germany 
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Figure 5.3: Range corrected signal at 1064 nm wavelength, total channel.

Figure 5.4: Particle depolarization-ratio profile at

532 nm wavelength (16-08-2012).

Figure 5.5: Raman retrieved particle lidar-ratio

profile at 532 nm wavelength

(16-08-2012).
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altitude range between 9 km and 11 km. At the top of the cirrus cloud, in the altitude

range between 11 km and 12 km the particle depolarization ratio decreases to nearly

0% after a short increase. The particle lidar ratio at 532 nm wavelength decreases

from more than 60 sr at an altitude of 8.4 km to a value of about 10 sr at an altitude

of 9.2 km. From this altitude until an altitude of 10.2 km, the particle lidar ratio

stays in the range between 5 sr and 25 sr. In the altitude range from 10.2 km to

11.2 km the particle lidar ratio increases to more than 55 sr at 10.8 km and decreases

to nearly 0 sr at 11.2 km. The elaborated the particle depolarization ratio (Fig. 5.4)

and the particle lidar ratio (Fig. 5.5) profiles are smoothed over 13 bins, which

corresponds to 390 m.

To summarize, the cirrus cloud is clearly identified by the retrieved values of

particle depolarization ratios. The mean values of particle depolarization ratio and

particle lidar ratio for this cirrus cloud were determined to 46% and 25 sr respectively

in the altitude range between 9 km and 11 km. The radiosonde data revealed an

ambient-temperature of less than −40 ◦C at this altitude range. A comparison with

calculated particle depolarization and particle lidar ratios (discussed in appendix

7.2) indicates the presence of column shaped ice particles. This assumption is

supported by the Nakaya - Kobayashi diagram (Fig. 3.1) and corresponds with

Nakaya (1954), Hallett and Mason (1958) and Kobayashi (1961).

5.4 Relation between particle depolarization ratios and

particle lidar ratios of cirrus clouds measured

between 30-07-2012 and 17-09-2012 with PollyXT

The collected data from measurements of the particle depolarization ratio and

particle lidar ratio of cirrus clouds over Leipzig are presented in the following.

These measurements have been taken from 30-07-2012 to 17-09-2012 at the Leibniz

Institute for Tropospheric Research with the portable Raman lidar system PollyXT . To
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5 Particle lidar ratios and particle depolarization ratios of cirrus clouds

Figure 5.6: Particle depolarization ratio versus particle lidar ratio and respective ambient cloud

temperature scatter-plot.

determine the air density, radiosonde data were taken from launches at Lindenberg

(WMO 10393 LINDENBERG). The plot of particle depolarization ratios versus

particle-lidar-ratios are shown in Fig. 5.6 with respective ambient cloud temperature.

The ambient cloud temperature was less than −40 ◦C for 15 measurements and

between −30 ◦C and −40 ◦C for 3 measurements. All cirrus clouds were measured

in an altitude range between 7 km and 12 km. The retrieved data were smoothed

over 13 bins, which corresponds to 390 m. Thus, the shown particle depolarization

ratios and particle lidar ratios are calculated by means of corresponding profiles

starting 400 m above the cloud’s bottom edge and ending 400 m under the cloud’

top edge. The standard deviation from the mean particle depolarization ratio is

delineated for each measurement. Based on single-scattering condition, the particle

lidar ratio was derived. Due to multiple scattering, it has to be taken into account

that the determined particle lidar ratios might be underestimated by up to 50%. The

obtained data suggests the presence of randomly oriented column like and plate

like ice crystals. This assumption corresponds with Nakaya (1954), Hallett and
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5 Particle lidar ratios and particle depolarization ratios of cirrus clouds

Mason (1958) and Kobayashi (1961). The retrieved particle depolarization ratio

implies the presence of pristine hexagonal like crystals (δpar = 27%− 39%, Guasta

(2001)), hexagonal column like crystals (δpar = 31% − 32%, Hess et al. (1998);

δpar = 32% − 33%, Sakai et al. (2006)), bullet rosette like crystals (δpar ∼ 33%,

Takano and Liou (1995)), imperfect hexagonal like crystals (δpar = 35%− 36%, Hess

et al. (1998)), and large column like crystals (δpar ∼ 60%, Cai and Liou (1982)). Due

to the large influence of multiple scattering, the retrieved particle lidar ratios are

not reliable to evaluate the particular crystal type. However, it must be noted that

the retrieved particle lidar ratio lies in the range expected for column like crystals.

5.5 Discussion

The retrieval of the ice-crystal type out of the intensive properties particle depolar-

ization ratio and particle lidar ratio mainly depends on a reliable multiple-scattering

correction. As discussed in subchapter 3.4, cirrus clouds usually contain ice crystals

with various shapes and sizes. Nevertheless, various compositions of crystal types

can show similar optical properties as discussed by Macke (1993) and Yang and

Liou (1998). Hence, as the distribution of column and plate shaped crystals and

their size cannot be determined unequivocally, it is appropriate to designate the de-

termined type as column like or plate like (Reichard et al., 2002). Thus, for further

investigations information about the crystal size are necessary. Such information

can be obtained with in-situ measurements or a multiple-FOV lidar.

A correlation of the particle depolarization ratio with the particle lidar ratio could

not be determined for measured cirrus clouds over Leipzig between 30-07-2012

and 17-09-2012. Also a correlation of these optical properties with the ambient

cloud temperature could not be determined. This is in contrast to Reichard et al.

(2002) and Chen et al. (2002). Reichard et al. (2002) reported a separation of the

particle depolarization ratio with decreasing particle lidar ratio values (Fig. 3.3).

The correction of the multiple-scattering effect on the particle extinction coefficient
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leads to reliable particle lidar ratios. The ambient cloud temperature strengthen the

assumption of a correlation for the measurements over Esrange. Although Chen

et al. (2002) also reported a correlation of the particle depolarization ratio with the

particle lidar ratio, an antipodal curve progression was observed (Fig. 3.4). Most of

the measured cirrus clouds over Chung-Li, Taiwan are reported as subvisual thin

and are not multiple-scattering corrected. As the effect of multiple scattering on the

particle extinction profile is most important in the lower range of cirrus clouds and

decreases with increasing depth of penetration, most of the reported particle lidar

ratios might be underestimated by up to 50%. These determined optical properties in

connection with the ambient cloud temperature were used to determine the crystal

type as thin plate, column and thick plate. However, the particle depolarization ratio

and particle lidar ratio presented in this study and the particle depolarization ratio

and particle lidar ratio reported by Chen et al. (2002) and Reichard et al. (2002)

correspond with Sakai et al. (2006). The comparison of measured and calculated

particle depolarization ratio and particle lidar ratio over Tsukuba, Japan (Fig. 3.2)

revealed that the variation of these optical properties were due to the variation of

ice-crystal proportions (Sakai et al., 2006). This explains the correlation of particle

depolarization ratio with particle lidar ratio as reported by Chen et al. (2002)

and Reichard et al. (2002). Assuming that, the presence of only one dominant

ice-crystal type is contained in the cirrus cloud, the crystal shape and size depends

on supersaturation of water and the ambient cloud temperature, i.e. thin plates

grow to columns with decreasing temperature and constant supersaturation. This

continuous growth might lead to correlations of the particle depolarization ratio

with the particle lidar ratio. The particle depolarization ratios and particle lidar

ratios presented in this study are in good agreement with Sakai et al. (2006). If

assuming a distribution of ice-crystal types contained in the cirrus cloud, the crystal

shapes and sizes depends in different ways on supersaturation of water and ambient

cloud temperature. The corresponding particle depolarization ratio and particle

lidar ratio are not correlated any more, but distributed within a defined area.
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The aim of this study was to evaluate the correlation of the particle depolarization

ratio with the particle lidar ratio of cirrus clouds over Leipzig, Germany. With this

correlation it would be possible to determine the types and sizes of ice crystals in

cirrus clouds. The knowledge about the optical properties of ice crystals contained

in cirrus clouds is the basis to estimate the radiative forcing of cirrus clouds.

At the beginning of this study, the principles and equations to retrieve the particle

depolarization ratio and particle lidar ratio from measurements with an aerosol lidar

have been presented. For comparison purposes, former measurement and modelling

results of these optical properties of cirrus clouds depending on their micro-physical

properties have been discussed in chapter 3 and data published between 1974 and

2009 have been summarized in tables in appendix 7.2. Accordingly, the ice crystal

types and sizes contained in cirrus clouds are important factors to be mentioned

when estimating Earth’s radiation budget. Mainly depending on the optical depth of

cirrus clouds and the contained ice crystal sizes, the particle extinction coefficients

and thus the particle lidar ratios might be underestimated by up to 50% due to

multiple-scattering effects (Wandinger, 1998; Reichard et al., 2000; Sakai et al.,

2003). So, the impact of multiple scattering on lidar measurements need to be

taken into consideration. A definition of cirrus clouds which is comparable to those

found in literature have been used in this study and discussed in terms of altitude,

optical depth and contained particles. Some of these studies revealed a correlation

between the particle depolarization ratio and particle lidar ratio, but found differing

interdependencies. For example, Chen et al. (2002) and Reichard et al. (2002)

reported contrary relations between particle depolarization ratios and particle lidar
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ratios of cirrus clouds sounded in subtropical and arctic conditions, respectively

whereas Sakai et al. (2006) published a broad range of these optical properties for

cirrus clouds. The literature research revealed in good agreement with Sakai et al.

(2006) a broad range of these optical properties for cirrus clouds.

Based on the master’s thesis of Oelsner (2012), the lidar system BERTHA was

equipped with a depolarization channel for the presented study to measure the

particle depolarization ratios and particle lidar ratios of cirrus clouds simultaneously.

This system configuration has been explained and discussed in chapter 4 and

shows the capability to provide daytime and night-time measurements for retrieving

particle depolarization ratios and particle lidar ratios of cirrus clouds.

A saturation effect on electronic states of iodine has been discussed for the first

time in connection with its influence on measurements with the HSR channel of

BERTHA and a measurement case has been used to illustrate the discrepancies at

lower altitudes. This saturation effect yielded to an underestimation of the particle

backscatter coefficient especially below 3 km altitude and a shift in the profile of

the corresponding particle extinction coefficient to higher altitudes. It is caused

by stray light from emitted laser light pulses. This stray light is collected by the

receiver telescope and absorbed by the iodine-vapour cell. Due to the absorption

a saturation of electronic states of iodine vapour is induced and thus an increase

of transmittance. After that, the transmittance decreases depending on the decay

time of the excited states of iodine vapour. Assuming pure iodine vapour in the

cell, the decay time depends on pressure and temperature. That decay time was

determined to 5µs for the iodine-vapour cell used in the lidar system BERTHA at

35 ◦C. Therefore, the fraction of light backscattered from atmospheric particles

and detected by the HSR channel has been discussed in terms of a non-negligible

relaxation time of excited states of iodine vapour. A corresponding time-dependent

correction function was proposed. This function concerns the described cross talk

which decreases exponentially with time after a laser pulse has been emitted.

In future, further modifications of BERTHA will be carried out to reduce the
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measurement errors of the HSR channel and of the depolarization channel. A

motorized aperture will be installed to provide multiple-FOV measurements for

multiple-scattering corrections. Further channels will be installed to investigate the

particle depolarization ratio at three wavelengths, the particle backscatter coefficient

at three wavelengths, the particle extinction coefficient at two wavelengths, the

water vapor mixing ratio, and the tropospheric temperature profile.

The particle depolarization ratio and particle lidar ratio of cirrus clouds over

Leipzig, Germany were determined from measurements with the portable polar-

ization Raman lidar system PollyXT since the uncertainty in the retrieved particle

depolarization ratio is smaller than this value of BERTHA. These measurements have

been taken in the period between 30-07-2012 and 17-09-2012. A brief description

of PollyXT is given in chapter 5. The depolarization signal and the Raman signal

have been measured at 532 nm wavelength and 607 nm wavelength, respectively. In

contrast to Chen et al. (2002) and Reichard et al. (2002), neither a correlation of

the particle depolarization ratio with the particle lidar ratio of cirrus clouds nor a

correlation of these optical properties with the ambient cloud temperature could be

observed. This is in good agreement with Sakai et al. (2006), who considered that

these optical properties vary in a broad range assuming a distribution of ice crystals

in type and size contained in the cirrus clouds. With adoption of this consideration,

the correlation observed by Chen et al. (2002) and Reichard et al. (2002) can also

be explained. In specific cases, where only one ice-crystal type is dominant in the

cirrus cloud, its optical properties correlates with ambient cloud temperature, as

for instance plates grow to columns with degreasing temperature. These cases may

occur under subtropical and arctic conditions as reported by Chen et al. (2002) and

Reichard et al. (2002), respectively. But in middle and northern latitudes cirrus

clouds contain a distribution of ice-crystal types and sizes as reported by Sakai

et al. (2006) and thus the correlation of particle depolarization ratio, particle lidar

ratio and ambient cloud temperature could not be observed. However, all retrieved

particle lidar ratios in this study are not corrected for multiple scattering and thus
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the retrieved values might be underestimated by up to 50%. Also in the literature the

multiple-scattering correction is applied only partly. For example, the data retrieved

by Chen et al. (2002) are published without a multiple-scattering correction and

thus are comparable in their retrieval to the retrieved data in this study. However,

the effect of multiple scattering has to be taken into account in further studies of the

particle depolarization ratio and the particle lidar ratio of cirrus clouds. A suitable

instrument for this purpose might be the redesigned lidar system BERTHA. With the

proposed design the particle size can be retrieved from multiple-FOV measurements

and thus an adequate multiple-scattering correction can be applied. Furthermore,

the particle depolarization ratio can be determined at three wavelengths. The

45◦-calibration method is also part of the new receiver design of BERTHA. This

calibration method helps minimizing the errors of the depolarization measurements.
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7.1 Molecular backscatter and extinction coefficient

βmol(R, λi) =
∑
j

nj(R) dσsca,j

dΩ (π, λi) (7.1)

The molecular backscatter coefficient depends on the number concentration of

corresponding atoms and molecules. For an gas in hydrostatic equilibrium, the

forces in vertical direction require

dp = −p(r)M g(r)
Rm Temp(r) dr . (7.2)

Where M = 0.02896 kg mol−1 denotes the tropospheric molar mass,

Rm = 8.314 J K−1mol−1 is the universal gas constant, g(r) is the gravitational accel-

eration and Temp(r) is the temperature. Integration from reference altitude R0 to

the altitude R1 yields to:

p(R1)∫
p(R0)

1
p
dp = −

R1∫
R0

M g(r)
Rm Temp(r)dr , (7.3)

p(R1)
p(R0) = exp

−
R1∫
R0

M g(r)
Rm Temp(r)dr

 . (7.4)

Assuming the troposphere as an ideal gas yields to:

n(R1) = n(R0) exp

−
R1∫
R0

M g(r)
Rm Temp(r)dr

 (7.5)

and thus the molecular backscatter coefficient yields to:

βmol(R, λi) =
∑
j

nj(R0) exp

−
R∫

R0

M g(r)
Rm Temp(r)dr

 dσsca,j

dΩ (π, λi) . (7.6)
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According to Spuler and Mayor (2007), the differential molecular backscatter cross

section can be analytically calculated to:

dσmol

dΩ (π, λi, R) = π2(ñ2
air − 1)2

nair(R)2λ4
i

(7.7)

or
dσmol

dΩ (π, λi) = 5, 45
(550 nm

λi

)4
10−32 m2sr−1 . (7.8)

Where ñair denotes the tropospheric refractive index. Hence, the molecular backscat-

ter coefficient yields to:

βmol(R, λi) = nair(R0) exp

−
R∫

R0

M g(r)
Rm Temp(r)dr

 π2(ñ2
air − 1)2

nair(R)2λ4
i

. (7.9)

The molecular extinction coefficient

αmol(R, λi) =
∑
j

nj(R)σext,j(λi) (7.10)

is the product of number density and extinction cross section. In accordance to Miles

et al. (2001) the extinction cross section is connected to the differential backscatter

cross section by

σext,j(λi) = 8π
3
dσsca,j

dΩ (π, λi) . (7.11)

Hence, the molecular extinction coefficient yields to:

αmol(R, λi) = 8π
3 ni(R0) exp

−
R∫

R0

M g(r)
Rm Temp(r)dr

 π2(ñ2
air − 1)2

ni(R)2λ4
i

. (7.12)
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7.2 Measured and simulated particle depolarization

ratios and particle lidar ratios

Table 7.1: Comparison of observed particle depolarization ratios at 532 nm wavelength.

Value [%] Description Place

0− 35 Clouds in ice-saturated air Tsukuba, Japan (Sakai et al., 2006)

13− 18 Cirrus at 694 nm Middle latitudes in southern hemi-

sphere

(Platt et al., 1987)

13− 38 Cirrus at 355 nm Arctic (Reichard et al., 2002)

15− 55 Cirrus at 355 nm Esrange, Sweden (Reichard et al.,

2002)

∼ 18 Clouds Antarctica (Guasta et al., 1993)

19− 27 Cirrus Mahé, Seychelles (Pace et al., 2003)

20− 50 Cirrus Chung-Li, Taiwan (Chen et al., 2002)

21− 23 Cirrus at 694 nm Tropics (Platt et al., 1987)

21− 62 Optically dense midlevel Clouds,

hexagonal ice

Aspendale, Australia

(Young et al., 2000)

22± 7 Cirrus Tsukuba, Japan (Sakai et al., 2003)

24± 13 Sub-visible Cirrus Chung-Li, Taiwan (Das et al., 2009)

∼ 25± 7 Cirrus at 694 nm Salt Lake City, USA

(Sassen and Benson, 2001)

25− 31 Optically dense midlevel Clouds,

supercooled water

Aspendale, Australia

(Young et al., 2000)

27.9± 16 Optically thin Cirrus Chung-Li, Taiwan (Das et al., 2009)

32± 19 Optically dense Cirrus Chung-Li, Taiwan (Das et al., 2009)
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Table 7.2: Comparison of calculated depolarization ratios at 532 nm wavelength.

Value [%] Description

0 Water droplets (Deirmendjian, 1969)

0 Horizontally orientated columns and plates (Liou and Lahore, 1974)

0 Horizontally orientated ice crystals (Sakai et al., 2006)

<< 5 Thin plates, aspect-ratio L
2a = 20

100 (Guasta, 2001)

∼ 10 Small crystals (in the dimension of µm) (Liou et al., 2000)

19− 35 Hollow columns, aspect-ratio L
2a = 200

80 ,

hollow depth decreases from 100µm to 0µm (Takano and Liou, 1995)

22− 34 Aggregates, max. dimension of 200µm (Yang and Liou, 1998)

22− 36 Plate-, bullet rosette-, dendrite-, and aggregatelike (Sakai et al., 2006)

∼ 25 Small Plates, 20µm (Cai and Liou, 1982)

25− 36 Regular hexagonal plate to column,

aspect-ratio L
2a in the range of 8

80 −
400
80 (Sassen and Benson, 2001)

∼ 26 Dendrites, L
2a = 32

80 (Takano and Liou, 1995)

27− 39 Almost pristine hexagonal crystals (Guasta, 2001)

31− 32 Hexagonal columns, max. tilt-angle γ = 1◦ (Hess et al., 1998)

32− 33 Ice columns, tilt-angle randomly distributed between 0◦ and 1◦,

aspect-ratio L
2a in the range of 1.25− 5.9 (Sakai et al., 2006)

∼ 33 Bullet rosettes, L
2a = 120

60 (Takano and Liou, 1995)

35− 36 Imperfect hexagonal columns, tilt-angle γ = 30◦ (Hess et al., 1998)

∼ 60 Large Columns, 120µm (Cai and Liou, 1982)
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Table 7.3: Comparison of observed lidar ratios at 532 nm wavelength.

Value [sr] Description Place

< 1 Altostratus,

(horizontally oriented ice plates)

Colorado, USA (Platt, 1978)

0.3− 30 Clouds in ice-saturated air Tsukuba, Japan (Sakai et al., 2006)

5− 20 Cirrus at 308 nm Geesthacht, Germany

(Ansmann et al., 1992)

5− 100 Cirrus Mahé, Seychelles (Pace et al., 2003)

10− 30 Cirrus at 355 nm Arctic (Reichard et al., 2002)

17± 14 Cirrus Tsukuba, Japan (Sakai et al., 2003)

17.1± 15.1 Sub-visible Cirrus Chung-Li Taiwan (Das et al., 2009)

∼ 24 Cirrus at 694 nm

measured with LIRAD

Salt Lake City, USA

(Sassen and Comstock, 2001)

24.62± 11.05 Optically dense Cirrus Chung-Li Taiwan (Das et al., 2009)

∼ 25 Cirrus measured with HSRL Wisconsin, USA (Eloranta et al., 2001)

25.94± 16.55 Optically thin Cirrus Chung-Li Taiwan (Das et al., 2009)

26 Optical thin cirrus Boulder, USA (Langford et al., 2005)

29± 12 Cirrus Chung-Li, Taiwan (Chen et al., 2002)

39− 79 Cirrus at 694 nm

measured with LIRAD

Middle latitudes in southern hemi-

sphere

and tropics (Platt et al., 1987)

200 Subvisual cirrus at 694 nm Salt Lake City, USA

(Sassen and Cho, 1992)
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Table 7.4: Comparison of calculated lidar ratios at 532 nm wavelength.

Value [sr] Description

< 1 Horizontally orientated ice crystals (Sakai et al., 2006)

5− 15 Regular hexagonal columns and plates,

aspect-ratio L
2a = 8

20 ,
20
20 −

750
160 ,

300
120 ,

1000
400

(Takano and Jayaweera, 1985)(Takano and Liou, 1989)(Macke, 1993)

∼ 6 Aggregates, max. dimension of 200µm (Yang and Liou, 1998)

6− 19 Plate-, bullet rosette-, dendrite-, and aggregatelike (Sakai et al., 2006)

∼ 10 Bullet rosettes, aspect-ratio L
2a = 120

60 (Takano and Liou, 1995)

∼ 10 Dendrites, aspect-ratio L
2a = 32

80 (Takano and Liou, 1995)

12 Thick-plate shaped crystals (Sassen et al., 1989)

12− 38 Ice columns, tilt-angle randomly distributed between 0◦ and 1◦,

aspect-ratio L
2a in the range of 1.25− 5.9 (Sakai et al., 2006)

16− 19 Hexagonal columns, max. tilt-angle γ = 1◦ (Hess et al., 1998)

19 Water droplets (Deirmendjian, 1969)

26 Column shaped crystals (Sassen et al., 1989)

38 Thin-plate shaped crystals (Sassen et al., 1989)

70− 86 Imperfect hexagonal columns, tilt-angle γ = 30◦ (Hess et al., 1998)

> 120 Small crystals (a couple of micometers) (Yang and Liou, 2000)

∼ 170 Hollow columns, aspect-ratio L
2a = 200

100 with randomly depth distribution 0 −

100µm (Yang and Liou, 1998)
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7.3 Linear-polarization dependent channel transmission

Figure 7.1: Transmission efficiency of the depo-

larization channel as a function of the

angle of orientation of linear polariza-

tion (black squares) and the fitted Eq.

4.3 (red lined).

Figure 7.2: Transmission efficiency of the total

channel as a function of the angle

of orientation of linear polarization

(black squares).

Figure 7.3: Transmission efficiency of the Raman

channel as a function of the angle

of orientation of linear polarization

(black squares).

Figure 7.4: Transmission efficiency of the HSR

channel as a function of the angle

of orientation of linear polarization

(black squares).

As discussed previously in 4.2 a combined sinusoidal linear function (red lined) is

found to fit onto the transmission efficiency measurements (black squares) of the

depolarization channel. The other three channels shows no sinusoidal correlation

and thus Eq. 4.3 could not be applied. The observed fluctuation might be due

to further effects or just statistically. An alteration of the light intensity can be

neglected.
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Symbol Chart

A m2 telescope area

a Ångström exponent

Cδ
λi

calibration constant

c m s−1 speed of light in air

Dλi
transmission ratio

D⊥λi
transmission ratio of perpendicular-polarized light

G m−2 geometric factor

g m s−2 gravitational acceleration

h J s Planck constant

I Wm−2 first Stokes parameter, light intensity

Isat W m−2 saturation light intensity

K J m3s−1 system factor

K⊥ J m3s−1 perpendicular component of system factor

k s−1 decay constant

kB J K−1 Boltzmann constant

M kg mol−1 molar mass of the troposphere

ni m−3 number density of scatterer

ñ refractive index

O 0 ≤ O < 1 overlap function

P J s−1 lidar signal

Pi j J s−1 Mueller matrix element

P⊥ J s−1 perpendicular component of lidar signal

P0 J s−1 power of emitted light

PHSRL J s−1 power of HSRL signal

PRa J s−1 power of Raman lidar signal

p Pa pressure

Q W m−2 second Stokes parameter
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R m distance to scattering volume

R0 m reference altitude

Rm J K−1mol−1 universal gas constant

∆R m spatial effective pulse length

Smol sr molecular lidar ratio

Spar sr particle lidar ratio

T 0 ≤ T < 1 transmission

Temp K temperature

t s transit time of light

U W m−2 third Stokes parameter

V W m−2 fourth Stokes parameter

α m−1 extinction coefficient

αabs absorption coefficient

αmol m−1 molecular extinction coefficient

αpar m−1 particle extinction coefficient

αsat saturation broadened absorption coefficient

β m−1sr−1 backscatter coefficient

β‖ m−1sr−1 parallel component of backscatter coefficient

β⊥ m−1sr−1 perpendicular component of backscatter coefficient

βpar m−1sr−1 particle backscatter coefficient

β
‖
par m−1sr−1 parallel component of particle backscatter coefficient

β⊥par m−1sr−1 perpendicular component of particle backscatter coefficient

βmol m−1sr−1 molecular backscatter coefficient

β
‖
mol m−1sr−1 parallel component of molecular backscatter coefficient

β⊥mol m−1sr−1 perpendicular component of molecular backscatter coefficient

γ rad s−1 angular frequency FWHM

γsat rad s−1 saturation broadened angular frequency FWHM

δmol molecular depolarization ratio

δpar particle depolarization ratio
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δvol volume depolarization ratio

η 0 ≤ η < 1 system efficiency

η⊥ 0 ≤ η < 1 system efficiency for perpendicular-polarized light

κm cross talk parameter for molecular HSR signal

κp cross talk parameter for particle HSR signal

λ0 nm wavelength of emitted light

λi nm wavelength of received light

ν Hz frequency

σabs m2 absorption cross section

σext m2 extinction cross section

σsca m2 scattering cross section
dσsca
dΩ m2sr−1 differential scattering cross section

τ s temporal pulse length

τdec s mean decay time

ω rad s−1 angular frequency

ω0 rad s−1 central angular frequency

74



7 Appendix

List of abbreviations

BERTHA Backscatter, Extinction, lidar Ratio, Temperature,

Humidity profiling Apparatus

FOV Field Of View

FWHM Full Width at Half Maximum

HSR High Spectral Resolution

HSRL High Spectral Resolution LIDAR

LIDAR Light Detection And Ranging

PMT Photo Multiplier Tube

PollyXT POrtable Lidar sYstem eXTended

RADAR Radio Detection And Ranging

UPS Uninterruptible Power Supply
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