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1. Introduction

Polar Stratospheric Clouds (PSCs) have been observed since the early 1870s
at northern high latitudes and the late 1890s at southern high latitudes (Hallett & Lewis, 1967; Stanford & Davis, 1974). In the southern hemisphere a
larger number of PSC sightings has been reported compared to the northern
hemisphere. The formation of PSCs strongly depends on temperature. The
undisturbed evolution of the polar vortex in the southern hemisphere allows
for a development of colder temperatures compared to the northern hemisphere. Colder temperatures in turn form the foundation for widespread and
long–lasting PSC occurrence, and hence, observations. The first studies that
describe the spatial and temporal occurrence of PSCs over Antarctica were
conducted by McCormick et al. (1982) and Steele et al. (1983) and relied on
satellite measurements. Further, Steele et al. (1983) showed that PSCs seemed
to consist of almost pure water ice particles formed by condensation of water
vapor on preexisting background aerosol. These findings were in agreement
with temperatures around the frost point of water that have been observed in
connection to PSC events.
However, the biggest improvement in the understanding of PSC-related
processes was obtained from active (height–resolved) optical remote measurements with lidar. Lidar instruments can be operated from the ground, from an
aircraft, or from space. Ground–based lidar measurements can provide continuous observations with high temporal and vertical resolution but are limited
to a certain location. Space–based lidar measurements provide measurements
with a high vertical and spatial resolution, but have a low observation rate at
a given location due to the orbital constrains of polar–orbiting satellites. It is
a combination of ground–based and space–borne lidar measurements that provides a unique possibility to investigate the formation and alteration of clouds
and aerosol layers in both space and time.
Most studies of PSCs — especially long time series — are based on measurements of their optical properties with lidar. The classification of PSCs
is based on their scattering properties as seen by lidar. Poole & McCormick
(1988) presented the first lidar-based classification of Arctic PSCs. The authors could separate two types of PSC from the lidar measurements: type I
was found to consist of liquid droplets and type II was found to be made of
frozen water ice particles. Later studies with more sensitive instruments re9

vealed an additional type of PSC type. Consequently, type I was split into
two subclasses that showed optical properties typical for non-spherical (solid)
particles (type Ia) and spherical (liquid) particles (type Ib), respectively.
Note that the mechanisms for the formation of type Ia PSCs are still unclear
— as are the interactions and relations between the different constituents of
PSCs that are often observed simultaneously. These uncertainties regarding
our understanding of PSC formation and existence also need to be considered
in connection with climate change. The systematic cooling of the stratosphere
that is induced by increasing concentrations of greenhouse gases could favor
the formation of PSCs. An increase in the number and area of PSCs could, in
turn, affect the stratospheric ozone layer.
There is a variety of open questions regarding our understanding of PSCs:
(1) What is the occurrence frequency of different PSC types? (2) What controls the formation of different PSC types and subtypes? (3) How representative are stationary PSC observations for a wider region? (4) How do the
different PSC constituents interact? (5) Is the formation obtained from lidar
measurements sufficient for a comprehensive understanding of the chemical
properties of PSCs and the processes that they are associated with? (6) Are
PSC observations from different platforms and instrument comparable? (7)
Which informations would be needed to improve the understanding of PSCs?
The purpose of this work was to shed some light on these topics. This thesis focuses on PSC observation conducted with the Esrange lidar and the polar–
orbiting space–borne CALIPSO lidar. PSCs and their connection to ozone depletion will be discussed in Chapter 2. The Esrange lidar is a multi–wavelength
lidar that operates since 1997 at Esrange (68◦ N, 21◦ E) in northern Sweden,
about 150 km north of the Arctic circle. Within the framework of this thesis
improvement have been made to the lidar system. These improvements will
be discussed in Chapter 3. The space–borne lidar will be briefly introduced
in Chapter 4. Chapter 3 and 4 also gives an overview of the investigations of
Arctic PSCs that were carried out in the framework of this thesis.
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2. Polar Stratospheric Clouds and
Related Processes

During late winter and early spring PSCs provide the surface for heterogeneous
reactions which transform stable chlorine and bromine species into their highly
reactive ozone–destroying states. Therefore, PSCs are important for ozone
depletion during late winter and early spring at high latitudes. The type of PSC
as well as their temporal and spatial extent are important for the occurrence of
heterogeneous reactions and ozone depletion in the polar stratosphere. But
what are PSCs?

2.1

Polar Stratospheric Clouds

When we consider observations and classifications of clouds, our imagination
and experience is usually restricted to the lowermost layer of the atmosphere
— the troposphere which extends from the surface to about 10 km height. The
troposphere is that layer of the atmosphere in which meteorological processes
— commonly called weather — are observable and recognizable the best way.
However, the occurrence of clouds is not restricted to the troposphere. Since
the first publication of a "cloud atlas" by Hildebrandson et al. (1896) in 1896
PSCs were considered as being clouds. Despite their appearance which differs
strongly from regular clouds, nobody imagined these clouds to be completely
different from their tropospheric counterparts.
The recording of observations of PSCs started in 1893 when Henrik Mohn
published his collected data of iridescent clouds over southern Sweden. His
recordings vary between simple notes of the presence of a cloud and pictures.
He referred to PSCs as Mother–of–Pearl–Cloud because of their brilliant iridescence (Mohn, 1893). However, he did not determine the height of the
clouds that were documented by means of photographs. What he did instead
was to show a correlation between the occurrence of iridescent clouds and the
synoptic situation. He figured that PSCs are a phenomena that usually occurs
during winter, downwind of the Norwegian mountains, and to the south of deep
eastward–moving low–pressure system. Drawing this conclusion he was one
of the first persons to recognize that PSCs are a phenomena that is typical for
11
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Figure 2.1: Climatological mean temperatures above Esrange (68◦ N, 21◦ E)
for January (red) and July (blue). The temperature profiles were retrieved from
the MSIS-E-90 Atmosphere Model. PSCs can form at temperature below 195 K
between 15 and 28 km height.

Scandinavian winters. PSCs are best visible during sunrise and sunset when
they are illuminated by the sun from below the horizon.
Störmer (1929, 1931) was the first to determine the height of PSCs by
applying triangulation to photographs. He concluded that PSCs occur in the
stratosphere at an altitude between 22 and 27 km. The stratosphere is the atmospheric layer that connects to the troposphere and extends up to 50 km height.
In the troposphere the temperature decreases with height. The stratosphere on
the other hand is distinguished by a reversal of the temperature gradient, which
is due to absorption of ultraviolet (UV) radiation by ozone. The absorption of
harmful UV radiation (from about 200 nm to 315 nm wavelength) enables live
on Earth as we know. Eighty-five to ninety percent of the atmospheric ozone
is found in the stratosphere. The atmospheric ozone layer (height–region of
the highest ozone concentration) is located in the stratosphere between 10 and
35 km height. The maximum of the ozone concentration is located in the lower
stratosphere. A temperature maximum marks the upper limit of the stratosphere, about 50 km above the Earth’s surface.
Figure 2.1 shows the average temperature profile for January (red) and
July (blue) above Esrange. In summer the stratospheric temperature is higher
than in winter due to higher absorption rate of UV radiation. The average
temperature profile for January shows a negative temperature gradient in the
stratosphere which leads to a less pronounced tropopause. The tropopause
is a height region of constant temperature (vertical temperature gradient of
12

zero) between the troposphere and the stratosphere. The negative temperature
gradient in the winter stratosphere is lower than within the troposphere.
PSCs can be formed in the stratosphere between 15 and 28 km height when
the temperature is below 195 K. The extremely low temperatures that are necessary for PSC formation can only be reached inside of the polar vortex. This
stable and cold vortex dominates the stratospheric circulation during winter
months. The formation of different PSC types depends strongly on temperature. PSCs of type Ia and Ib occur at temperatures below 195 K. Type Ia
consist of nitric acid di- or trihydrate crystals (NAD or NAT). Type Ib include
supercooled liquid ternary solutions (STS) that consist of H2 SO4 , HNO3 , and
H2 O. PSCs of type II are formed below the ice–frost point and consist of pure
water ice particles (e.g. Browell et al. (1990); Carslaw et al. (1994); Toon et al.
(1990); Voigt et al. (2005)).
In the Arctic stratosphere the formation temperature of PSCs — in particular that of type II PSCs, which are strongly related to the altitude–dependent
ice frost point — is rarely attained synoptically. Previous studies (Carslaw
et al., 1998; Dörnbrack et al., 2000; Höpfner et al., 2001; Juárez et al., 2009)
concluded that Arctic PSCs are mostly formed due to gravity–wave–induced
temperature modifications. Recent studies showed that gravity–wave–induced
temperature modifications are also important for Antarctic PSC formation in
early winter when synoptic processes are not sufficient for producing the temperatures necessary for PSC formation (Höpfner et al., 2006; McDonald et al.,
2009). Carslaw et al. (1998) and Teitelbaum et al. (2001) showed that local
cooling in the lower stratosphere can be caused by meso–to synoptic–scale
events in the troposphere (e.g. low–pressure system). This diabatic cooling
effect can affect both PSC formation and their microphysical properties, i.e.,
PSC type (Adhikari et al., 2010). Furthermore, Wang et al. (2008) showed that
during the period June–October 2006 66% and 52% of the PSCs over western
and eastern Antarctica, respectively, were associated with an underlying deeptropospheric cloud systems.

2.2

The Polar Vortex

In the stratosphere a wave–driven meridional circulation is transporting air
from the tropics to high latitudes where it subsides. This large scale circulation is known as Brewer–Dobson circulation. During the polar night (no solar
heating, no absorption of UV radiation by ozone) the air cools, descends, and
a strong westerly jet develops in the stratosphere and forms the polar vortex.
The polar vortex forms in the fall, reaches maximum strength in mid–winter,
and decays in late winter to early spring. The westerly winds of the vortex
allow for a vertical propagation of quasi–stationary planetary waves into the
13

stratosphere. Inside the polar vortex air is isolated and radiative cooled. Atmospheric waves (e.g., gravity waves, planetary waves) have different effects
on the temperature profile in the stratosphere. Gravity waves are excited in
the troposphere, e.g. air flow over mountains, frontal systems or convection.
Planetary waves (forced Rossby waves) are excited by large–scale topography or by land–sea temperature contrast. The input of energy from breaking
waves into the upper stratosphere during polar winter triggers subsidence of
air masses and thus, to a warming in the stratosphere (Holton, 1992). Stratospheric warmings are defined by a temperature increase of at least 10 K within
a few days together with a reversal of the zonal wind and the temperature gradient between the pole and 60◦ N. Depending of their strength and progression
four different types of stratospheric warming are defined (Labitzke & Loon,
1999):
• Canadian Warming: Warming occurs in the beginning of winter. An
area of warm air develops over Canada and moves along the edge of the
vortex to the north pole.
• Minor Warming: Appears regularly during winter and is defined by a
temperature increase of more than 25 K over a period of no longer than
one week.
• Major Warming: Is marked by a temperature increase and a temperaturegradient reversal at the 30–hPa level or below together with a reversal of
the zonal wind from easterly to westerly directions. A major warming
leads to a breakup of the polar vortex, and thus, allow for a mixing of
polar air masses with the ones at polar mid-latitudes.
• Final Major Warming: Occurs at the end of the season and the polar
vortex does not recover.
Topographically forced planetary waves are much stronger in the northern
hemisphere compared to the southern hemisphere. This effect leads to higher
occurrence rate of minor and major stratospheric warmings in the northern
hemisphere.

2.3

Stratospheric Ozone

Stratospheric chemistry is centered around ozone. Most other gases entering
the stratosphere are long-living and originate in the troposphere (e.g., nitrous
oxide (N2 O), methane (CH4 ), chlorofluorocarbons (CFCs)) or are inject into
14

the stratosphere by volcanic eruptions. Therefore, inorganic compounds dominate the composition of the stratosphere: nitrogen oxides, nitric acid, sulfuric
acid, ozone, halogens, and halogen oxides from the destruction of CFCs.
Stratospheric ozone is mainly created in the tropical stratosphere by photolysis of oxygen. The formation and destruction of ozone is described by the
Chapman cycle (Seinfeld & Pandis, 2006):
1. Formation through photolysis of oxygen by short-wave UV radiation
(λ ≤ 242 nm)
hv
O2 → O + O
2. With a help of a catalyst, molecular and atomic oxygen form ozone
O + O2 + M → O3 + M
3. Photodissociation of O3 breaks down ozone into atomic and molecular
oxygen (λ ≤ 366 nm)
hv
O3 → O + O2
4. and ozone is destroyed through the reaction with atomic oxygen
O3 + O(1 D) → O2 + O2
Stratospheric ozone can also be destroyed through catalytic reactions:
• X + O3 → OX + O2
OX → X + O2
With the net result:
O3 + O → O2 + O2
Catalysts X for the destruction process can be chlorine (Cl), hydrogen
(H), nitric oxide (NO), or hydroxyl (OH). This process continues as long the
catalyst is not used up by other reactions in the stratosphere (e.g. Crutzen
(1979)). A great amount of NO and Cl is of anthropogenic origin and is formed
through photolysis of CFCs. On average one Cl can destroy hundreds of ozone
molecules before it is removed from the stratosphere. However, Cl can be
temporarily removed from the catalytic cycle and be stored in stable reservoir
species. The most important reservoir species is chlorine nitrate (ClON02 ).
During late winter and early spring PSCs provide the surface for heterogeneous reactions that transform stable chlorine and bromine species into highly
reactive ozone–destroying states. Therefore PSCs are important for high–
latitude ozone depletion.
The heterogeneous chemistry that is responsible for ozone depletion can
be described by the following processes (Seinfeld & Pandis, 2006):
15

1. Activation of chlorine on cloud particles in PSCs of type Ia
ClONO2 + HCl → Cl2 + HNO3
2. Indirect activation of chlorine on cloud particles in PSCs of type Ib
ClONO2 + H2 O → HOCl + HNO3
HOCl + HCl → Cl2 + H2 O
3. Photolysis of Cl2
hv
Cl2 → Cl + Cl
4. Ozone destruction
2(Cl + O3 → ClO + O2 )
ClO + ClO + M → Cl2 O2 + M
hv
Cl2 O2 → 2Cl + O2
With the net result:
2O3 → 3O2
On the surface of PSC particles a heterogeneous chemical process (processes 1 and 2) can occur and activate chlorine to Cl2 . This process occurs
during polar winter when sunlight is ascent. Therefore, the lifetime of Cl2 in
the polar vortex is very long during polar night. It lasts until sunlight is available at higher latitudes. As soon as the sun returns in spring process 3 can start
and Cl2 is split into two Cl. The latter start ozone destruction (process 4) by
producing ClO. The concentration of ClO during process 4 is stable. The only
way to reduce the ClO concentration is by chlorine deactivation:
hv

HNO3 → NO2 + OH
ClO + NO2 + M → ClONO2 + M
However, this process is not working very well in the southern polar vortex.
The reason for that is that compared to the northern polar vortex the southern
polar vortex is much more stable and the formation temperature for PSCs of
type Ia and II is reached more often. Under these conditions HNO3 cloud
particles can form. If these cloud particles get large enough they start to sediment and can be removed from the stratosphere. The latter is known as denitrification. As a consequence of the fading availability chlorine deactivation
is slowed down or stops completely. In that case, chlorine is binded into the
reservoir species favorable conditions for ozone destruction by ClO are created
(Seinfeld & Pandis, 2006).
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3. Esrange Lidar Measurements
and Findings

Lidar (light detection and ranging) is an active remote–sensing instrument for
range–resolved measurements in the atmosphere and oceans. It allows for
measurements of a variety of atmospheric parameters such as temperature,
wind, trace gases, aerosols, and clouds with high spatial and temporal resolution. Further, it allows for observations under ambient conditions. Lidar
measurements can cover a height range between the ground and 120 km altitude. Over the last 30 years lidar helped to monitor the evolution of volcanic
aerosols layers in the stratosphere, stratospheric ozone depletion, and to investigate the role of PSCs in ozone depletion.

3.1

Setup of the Esrange Lidar

The Department of Meteorology of the Stockholm University operates the Esrange lidar at Esrange Space Center (68◦ N, 21◦ E) near the Swedish city of
Kiruna. It was originally installed in 1997 by the University of Bonn. A predecessor of the lidar system was installed at the Andøya Rocket Range in northern Norway. Measurements with the Esrange lidar cover the atmosphere from
about 4 to 90 km altitude. It can provide upper tropospheric, stratospheric, and
mesospheric measurements of clouds and aerosol layers as well as atmospheric
temperature profiles (Blum & Fricke, 2005a). Further, polarization-sensitive
measurements allow for a discrimination between aerosols, cloud droplets, ice
crystals, and PSC constituents in the upper troposphere and stratosphere. The
simultaneously derived temperature profiles can be used for studies of atmospheric gravity waves.
In principle, a lidar system consists of a transmitter unit and a receiver
unit. The latter comprises an optical detector for the detailed analysis of the
measured signal. A laser is used to generate light pulses with specific spectral
properties (Wandinger (2005) and references therein). The Esrange lidar uses
a pulsed Nd:YAG solid-state laser with a repetition rate of 20 Hz.
The setup of the transmitter unit of the Esrange lidar is shown in Figure 3.1.
The primary wavelength of the Nd:YAG laser is 1064 nm. Until 2013 only the
17
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Figure 3.1: Optical setup of the transmitter unit of the Esrange lidar. The
Nd:YAG laser emits light at 1064 nm which is frequency–doubled to 532 nm
by a means of a second harmonic generator (SHG). The mirrors M1 and M2
separate light at 532 nm from that at 1064 nm and guide the beams out of the
laser housing. Laser–line mirrors (LLM) separate the remaining unwanted light
at 532 and 1064 nm to a absorber plates (AP). A Brewster plate (BP at 532 nm)
and a sheet polarizer (at 1064 nm) are used to assure that only purely linearly
polarized light is emitted. Beam widening telescopes (BWT) expand the beams
before steerable mirrors (M3, M4) direct the beam to the atmosphere. The figure
was adapted from (Blum & Fricke, 2005a).

frequency–doubled light (532 nm) was used for measurements with the Esrange lidar. In January 2013, the system was upgraded to also allow for measurements at 1064 nm. Adding another wavelength to the measurement setup
allows for a more detailed characterization of aerosols and PSCs. Note that
spectral optical properties are strongly connected to the size of the scatterers.
A beam expander within the transmitter is used to reduce the divergence of the
beam before it is send out into the atmosphere. Reducing the beam divergence
enables the use of a small field of view in the receiver, and thus, helps to reduce
the solar background from the measured signal of backscattered light.
The receiver unit of the Esrange lidar consists of an assembly of three identical Newtonian telescopes with individual mirror diameters of 50.8 cm and focal lengths of 254 cm. For each telescope backscattered light is collected into
one so–called focal box. There, light is separated according to wavelength and
state of polarization. The backscattered light incorporates elastic backscatter
by molecules, aerosols, and clouds at the wavelength of the emitted laser light
18
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Figure 3.2: Schematic setup of the optical benches installed in 1997. (a) Setup
of the Rayleigh bench. (b) Setup of the vibrational–Raman bench. IF: interference filter, L: lens, BS: beam splitter, PMT: photomultiplier tube, RR: rotational–
Raman. Etalons are used to weaken the contribution of sunlight to the measured
signal during daytime measurements. Numbers in the boxes mark the measurement range of the individual channels.

and inelastic (frequency–shifted) backscatter by molecules. Optical fibers are
used to guide the light from the individual branches of the focal boxes to the
detector. The use of three individual telescopes increases the flexibility of the
lidar. In standard configuration, identical focal boxes are used for all three telescopes. In this way, the total signal is maximized and allows for measurements
up to 90 km height. Depending on the aim of the measurement, it is also possible to attach differently optimized focal boxes wavelengths to the individual
telescopes.
The Esrange lidar system has in total four optical detector benches (Figures 3.2 and 3.3):
• Rayleigh bench (Figure 3.2a) for measurements of elastic backscatter
by cloud and aerosol layers in the upper troposphere, stratosphere, and
mesosphere at 532 nm. Polarization sensitive measurements (parallel
and perpendicularly backscattered light with respect to the plane of polarization of the emitted laser light) allow for a discrimination of spherical and non–spherical scatterers (i.e., aerosol particles, cloud droplets,
and ice crystals). The signal detected in the Rayleigh channel is also
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Figure 3.3: Schematic setup of the new optical benches installed in 2010 and
2013. (a) Setup of the rotational–Raman bench. The signal for the rotational–
Raman bench comes from the Rayleigh bench (Figure 3.2a). The pick–up is
based on light that is reflected by the interference filters in the Rayleigh bench.
(b) Setup of the infrared bench. IF: interference filter, L: lenses, BS: beam splitter, PMT: photomultiplier tube, APD: avalanche photodiode.

used to obtain temperature profiles in the aerosol–free atmosphere between 30 and 90 km height. The optical bench is designed in a cascade
structure to cover a large dynamical range of 7 to 8 (parallel channel) and
from 6 to 7 orders (perpendicular channel) of magnitude. This translate
into a coverage of heights of up to 90 and 40 km, respectively. The
individual PMTs are protected against high photo counts from lower atmospheric layers by means of chopper.
• Vibrational–Raman bench (Figure 3.2b) for measurements of inelastic
backscatter by molecular nitrogen at 607 nm. The signal of this channel
is used to obtain a profile of the molecular backscatter coefficient.
• Rotational–Raman bench (Figure 3.3a) for measurements of inelastic
backscatter by molecular nitrogen and oxygen at 531.7 and 529.35 nm.
The signals of these channels are used to obtain temperature profiles in
the upper troposphere and lower stratosphere. The rotational–Raman
20

bench was installed in November 2010 (Paper I).
• Infrared bench (Figure 3.3b) for measurements of elastic backscatter
at 1064 nm. The signal is used for detailed aerosol characterization in
the upper troposphere and lower stratosphere. The infrared bench was
installed in January 2013.

3.2

Measurements of Clouds and Aerosol Layers

The backscattered light at 532 nm is detected in two orthogonal planes of polarization for detailed measurements of clouds and aerosol layers. Light with
the same plane of polarization as the emitted laser light is referred to as parallel polarized or co–polarized (superscript k) and light with a polarization plane
perpendicular to the one of the emitted laser light is called perpendicularly
polarized or cross–polarized (superscript ⊥).
Measurements of backscattered light in the parallel and perpendicular channels are used to derive the parallel and perpendicular backscatter ratios (Rk
and R⊥ , respectively), the aerosol backscatter coefficient (βaer ), and the linear
aerosol depolarization ratio (δaer ). The general definition of the backscatter
ratio is
β
βaer + βmol
R=
=
,
(3.1)
βmol
βmol
where the total volume backscatter coefficient β represents the sum of the
aerosol backscatter coefficient βaer and the molecular backscatter coefficient
βmol . The backscatter ratio can also be calculated individually from the measurements in the polarized channels as
k

Rk =

k

βaer + βmol
k

(3.2)

βmol
and
R⊥ =

⊥ +β⊥
βaer
mol
.
⊥
βmol

(3.3)

The linear aerosol depolarization ratio is derived from the measurements of
cross- and co-polarized signals as
 ⊥

⊥
R −1
βaer
δaer = k =
δmol
(3.4)
Rk − 1
βaer
k

⊥ /β
where δmol = βmol
mol is the molecular depolarization given as the ratio of
perpendicular to parallel molecular backscatter coefficient. In contrast to the
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volume depolarization ratio (δvol ) that was used in the first PSC studies, the
aerosol depolarization ratio contains no contribution from molecular scattering. It is calibrated according to the method described by Biele et al. (2001).
The molecular fraction of the received signal of the Rayleigh channel is determined either from the signal above the PSC or by use of a concurrent ECMWF
(European Centre for Medium-Range Weather Forecast) temperature and pressure analysis. The molecular signal is normalized to the Rayleigh signal in the
aerosol–free part of the atmosphere for the calculation of the backscatter ratios.
According to the spectral range of the interference filters in the detector of the
Esrange lidar, the value of the molecular depolarization ratio is δmol = 0.36 %
(Blum & Fricke, 2005a).

3.3

Measurements of Atmospheric Temperature Profiles

Temperature is a key parameter of the state of the atmosphere. Knowledge
of atmospheric temperature helps to identify and understand climatological,
meteorological, chemical, and dynamical processes.
A variety of techniques can be applied to obtain temperature profiles from
lidar measurements. Each of these techniques covers a certain height range
as discussed by Behrendt (2005): from the ground to the upper stratosphere
(rotational–Raman and high–spectral–resolution lidar), from the upper troposphere and to the lower stratosphere (vibrational–Raman lidar), from the middle stratosphere up to the mesopause (integration technique), and from the
mesopause region to the lower thermosphere (resonance–fluorescence technique). Until 2010 the Esrange lidar was only capable of measuring the temperature profile by using the integration technique. The integration technique
is applied to the molecular backscatter signal detected in the Rayleigh bench.
This signal is proportional to the number density of atmospheric molecules.
The temperature can be derived from the number density by the ideal gas
law under the assumption that the atmosphere is in hydrostatic equilibrium.
The vibrational–Raman technique (Hauchecorne et al., 1992; Keckhut et al.,
1990) is a method to extend the temperature retrieval to heights below 30 km.
However, detailed information on aerosols, clouds, and ozone concentration is
required to obtain temperature profiles with reasonable uncertainty (Faduilhe
et al., 2005).
In November 2010 a rotational–Raman bench was added to the Esrange lidar to improve the capabilities for temperature measurements. The new setup
is discussed in detailed in Paper I of this thesis. The rotational–Raman technique is based on the fact that the intensity of pure rotational–Raman lines depends on temperature. The ratio of two rotational–Raman signals (λ1RR , λ2RR )
with opposite temperature dependence allows for temperature measurements
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Figure 3.4: Temperature profile between 5 and 75 km height measured between
1339 UT on 14 January 2011 and 0836 UT on 15 January 2011. Profiles were
obtained by the integration technique (blue) and the rotational–Raman technique
(black). The gray shaded area shows the respective error ranges. For comparison the temperature profiles measured with radiosonde (green) and given by the
ECMWF reanalysis (red) are shown as well.

independent of atmospheric transmission (Behrendt, 2005). The rotational–
Raman technique in combination with the integration technique can be used to
cover an altitude range from 4 km up to 90 km. Temperature measurements
from the troposphere to the mesosphere are necessary to understand meteorological processes, like the propagation of gravity waves and the formation of
tropospheric and stratospheric clouds.
The rotational–Raman channel of the Esrange lidar was optimized for temperature measurements in the lower Arctic winter stratosphere. The central
wavelength (CWL) of the selected interference filters of λ1RR = 531.55 nm and
λ2RR = 529.35 nm were chosen to allow for an optimum measurement setup
(i.e., minimized measurement uncertainty) for temperatures between 180 K
and 200 K. For the chosen temperatures and CWLs the statistical error is less
than 0.51 K.
In the new setup (Figure 3.3a) presented in Paper I a reflection from the
interference filters in both parallel and perpendicular optical branches of the
Rayleigh bench is used to extract rotational–Raman signals from the combined
light detected with all three telescopes (Figure 3.2a). The rotational–Raman
signals are calibrated to temperature profiles from radiosonde. The calibration
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factors obtained from one comparison can be used to retrieve the atmospheric
temperature for longer time periods. One example of the combined temperature profile of the new rotational–Raman channel and derived by using the
integration technique is shown in Figure 3.4. The temperature profiles were
measured on the 14th of January 2011. In the overlap region of the two techniques between 28 to 32 km very good agreement is found. The temperature
profiles obtained with the new rotational–Raman channel shows good agreement with both radiosonde and reanalysis output.

3.4

Measurement of PSCs

The earliest lidar measurements of PSCs were conducted from aircraft (Browell et al., 1990; Poole & McCormick, 1988; Toon et al., 1990). From these
observations it was found that PSCs show three distinguishable regimes of
lidar–derived optical parameters. This led to the conclusion of an existence of
three major PSC types (Type Ia, Ib, and II). PSCs of type Ia and Ib occur at
temperatures above the ice frost point. Type Ia shows a low parallel backscatter ratio and a high particle depolarization ratio typical for non–spherical particles. Type Ib shows a higher parallel backscatter ratio compared to type Ia
and a lower particle depolarization ratio that is typical for spherical particles.
It is assumed for PSC studies that spherical scatterers represent liquid particles/droplets and that non–spherical scatterers represent solid particles or ice
crystals. David et al. (1998) showed that the observed solid particles were
never present at temperatures above the temperatures necessary for NAT condensation and that the spherical particles were commonly found at temperatures well below NAT formation temperature (195 K). Figure 3.5 shows two
examples of PSC measurements with the Esrange lidar arranged in a Rk -vs.-R⊥
space with additional lines that represent δaer . The PSC observed on the 8th of
January 2012 (Figure 3.5, left) showed two distinct layers of type Ia with an
increased perpendicular backscatter ratio (light blue circles) and type Ib with
an increased parallel backscatter ratio (light blue circles). A type II PSC was
observed on the 27 of January 2011 (Figure 3.5, right). Type II consist of
pure water ice and shows a strong increase in both parallel and perpendicular
backscatter ratio as well as the linear aerosol depolarization ratio.
From these and earlier lidar observations of PSC optical properties it was
inferred that type Ia consists of nitric acid di- or trihydrate crystals (NAD or
NAT, respectively) and that type Ib consists of super–cooled liquid ternary
solutions (STS). PSCs of type II occur at temperature below the frost point
and consist of water ice particles (e.g Carslaw et al. (1994); McCormick et al.
(1982); Poole & McCormick (1988); Voigt et al. (2005)). In addition to these
three traditional PSC types several sub–types of PSC have been described in
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Figure 3.5: PSCs measured with the Esrange lidar on the 8th of January 2012
(left) and on the 27th of January 2011. The colors represent different altitude
ranges and the red lines mark the threshold for different PSC types.

the literature. All sub–types, e.g., type Ia enhanced (Tsias et al., 1999), type
Ic (Toon et al., 2000), type Id (Stein et al., 1999), or NAT rocks (Fahey et al.,
2001) consist of the same constituents as the main types but show different
scattering characteristics. All PSCs which cannot be classified clearly by their
optical parameters are referred to as mixed–phase clouds (MIX) consisting of
a mixture of NAT and STS particles (Biele et al., 2001; Shibata et al., 1999).
The thresholds for the different PSC types used for measurements with the
Esrange lidar (Blum et al., 2005b) are marked as red lines in Figure 3.5.
Toon et al. (2000) defined two main questions regarding the occurrence
of different PSC types: (1) What are the statistical frequencies of the different PSC types? and (2) How do sub–classes of type Ia PSCs differ and what
mechanisms lead to the formation of one composition rather than another?
Long–term statistics of PSCs occurrence from measurements with groundbased lidar systems over Antarctica (Adriani et al., 2004; Santacesaria et al.,
2001) and the Arctic (Blum et al., 2005b; Massoli et al., 2006) were published
in the following years. Blum et al. (2005b) published a statistical analysis of
PSC measurements with the Esrange lidar during the time period 1997–2004.
Since then nine more years have been added to the Esrange lidar PSC time
series that now covers 17 years or around 542 h of PSC observations. Note
that the measurements were conducted on campaign basis during northern–
hemispheric winter. Figure 3.6 gives an overview of the observations of PSCs
with the Esrange lidar between 1997 and 2013. Most of the campaigns were
conducted in January. During the 17 years of lidar measurements there were
several winters during which few or no PSC were observed over Esrange. The
winters 1998/99, 2001/02, 2003/04, 2008/09, and 2012/13 were embossed by
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Figure 3.6: Range of measurement campaigns (marked by colored bars) and
PSC observations (rectangles) during the time period 1997–2013. The figure
was adapted from Blum et al. (2005b) and updated.

early major stratospheric warmings.
Figure 3.7 shows the frequency of occurrence of the different PSC types
observed during the time period 1997–2004 (Blum et al., 2005b) and for the
entire Esrange lidar data set covering the years from 1997 to 2013. The data
set contains hourly mean values of the parallel and perpendicularly polarized
backscatter ratio and the linear particle depolarization ratio — all measured at
532 nm. The observed PSCs were classified according to the measured values
of the their parallel backscatter ratio and the linear particle depolarization ratio.
The lowest occurrence frequency is found for PSCs type II (9% between 1997
and 2004 and 6% for the entire period). This is resonable since PSCs of type
II are formed at temperatures below the ice–frost point. Such temperatures
are rarely reached in the Actic polar vortex. Most of the observations between
1997 and 2013 showed low particle depolarization ratios and low backscatter
ratios according to which the observed PSCs were classified as type Ib (47%)
or mixtures (33%). The remaining 13% of the observation were classified as
type Ia (NAT particles).
The extensive 16-year PSC data set from 1997 to 2012 forms the foundation for an assessment the quality of different PSC classification schemes that
is presented in Paper II of this thesis. Lidar–based PSC classification schemes
apply standard deliverables of lidar instruments, i.e., the particle backscatter
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Figure 3.7: Frequency of PSC types observed over Esrange in the time periods
from 1997 to 2004 (left, Blum et al. (2005b)) and 1997 to 2013 (right, Paper II).

ratio and the particle depolarization ratio. This similarity of input data suggests
that the outcome of the different classification schemes should be comparable.
Paper II showed that the outcome varies depending on the choice of classification scheme. The discrepancies mainly result from different definitions of
PSC type or constituent and their related threshold values of lidar–derived parameters. The inconsistencies of the outcome of different PSC classification
schemes impact the understanding of long–term PSC observations documented
in the literature. Further, Paper II suggest that an improvement in lidar–based
PSC classification might be achieved by using the particle depolarization ratio in combination with polarized (i.e., parallel and perpendicular) rather than
total backscatter ratios.

3.5

The Esrange Lidar as Part of the Esrange Research
Infrastructure

Since 1997 the Esrange lidar has provided stratospheric and mesospheric measurements of clouds, aerosols and temperatures. In addition to basic scientific studies, the lidar has developed into an important tool to support balloon,
aircraft (von Hobe et al., 2012) and rocket campaigns (Gumbel, 2007) based
at Esrange. The developments with focus on atmospheric temperatures, volume extinction coefficient measurements, and an improved characterization of
clouds and aerosols are important to support future balloon campaigns which
aim on studying processes in the troposphere and stratosphere. The new setup
of the lidar in combination with the ESRAD (Esrange MST radar) is also a
perfect tool for studies of the structure of the high–latitude upper troposphere
and lower stratosphere.
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Table 3.1: Recently supported scientific campaigns at Esrange.

Campaign
BEXUS
REXUS
RECONCILE
CNES campaign
PHOCUS
in-situ IWC

Platform
balloon
rocket
aircraft
balloon
rocket
balloon

Year
2008, 2009
2009, 2010
2010
2011
2011
2013

Aim of the support
stratospheric background
mesospheric temperature
PSCs
PSCs and temperature
Noctilucent clouds
cirrus, aerosol extinction, and
temperature

Further, the new setup makes the Esrange lidar a relied instrument/tool for
monitoring launch conditions for rockets and balloons and for guiding launch–
related decision making. Recent scientific campaigns that relayed on Esrange
lidar observations for selecting appropriate launch conditions are presented in
Table 3.1. Lidar measurements of Nuctilucent Clouds (mesospheric clouds)
in the morning of 21 July 2011 allowed for a successful launch of the PHOCUS (Particles, Hydrogen and Oxygen Chemistry in the Upper Summer mesosphere) rocket experiment. The aim of the PHOCUS measurement was to conduct measurements within a Nuctilucent cloud. On the 19th and 20th of February 2013 the Esrange lidar and balloon–borne in–situ instrument conducted
combined measurements of the volume extinction coefficient and the ice water content of ice clouds, respectively. The aim of the balloon launches was
to determine the relationship between ice water content and volume extinction
coefficient of thin ice–clouds (cirrus) and to setup a database of the size, shape,
volume, as well as ambient temperature and humidity of ice clouds in the upper troposphere (Kuhn et al., 2012). This will be a basis for the development
of new cloud parameterizations for climate models.
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4. CALIPSO Lidar Measurements and Findings

Space–borne lidar measurements can provide global observations of clouds
and aerosols with high vertical and spatial resolution. The first space–borne
lidars flew aboard the space shuttle Discovery and the MIR space station. The
Lidar In-space Technology Experiment (LITE) aboard Discovery was launched
for a 10–day mission in September 1994 (McCormick, 2005). LITE was a
three–wavelengths lidar (355, 532, and 1064 nm) and the conducted measurements of Sahara dust layers, biomass burning smoke, and pollution outflow
from the continents showed the potential for long–duration space–borne lidar
missions. Further, LITE showed that space–borne lidars could provide near–
surface information for 60% of the total measurement period (Winker et al.,
1996). However, it should take more than a decade until the first long–duration
mission of a space–borne lidar became reality.

4.1

The CALIPSO Lidar

The space–borne Cloud–Aerosol Lidar with Orthogonal Polarization (CALIOP)
aboard the Cloud–Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite is the first long–duration space–borne lidar. CALIOP is a
two-wavelength (532 and 1064 nm) lidar and operates from a polar near–earth
orbit at about 700 km height. It was designed to provide global and vertically–
resolved measurements of clouds and aerosols to improve our understanding of
their role in the climate system (Winker et al., 2003). The CALIPSO satellite
is part of the NASA/ESA A–Train satellite constellation and is in orbit since
April 2006. Although PSC observations are not one of its primary missions
CALIPSO is an ideal platform for such studies. CALIOP represents a perfect
tool to provide a vortex–wide perspective of PSCs (Pitts et al., 2009, 2011).
CALIPSO provides a high measurement coverage over both polar regions with
an average of 14 orbits per day. About 300000 daily lidar profiles are acquired
between 55 and 82◦ N, and form a unique dataset for studying the occurrence,
composition, and evolution of Arctic PSCs (Pitts et al., 2007). CALIPSO profiles are generated on a non–uniform altitude and time grid (Winker et al.,
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2007) and are available at http://www-calipso.larc.nasa.gov/products/. The
vertical resolution of the CALIPSO profiles varies with altitude from 30 m
below 8.5 km height, 60 m between 8.5 and 20.1 km height, and 180 m between 20.1 and 30.1 km height.

4.2

CALIPSO Measurement of PSCs

In contrast to ground–based lidar measurements CALIPSO observations do
not rely on cloud–free conditions in the troposphere. The downward–looking
configuration allows for simultaneous observations of tropospheric clouds and
PSCs. Wang et al. (2008) used CALIPSO observations to study the concurrent
occurrence of PSCs and tropospheric clouds over Antarctica. Further, Adhikari
et al. (2010) showed that high and deep–tropospheric cloud systems have a
significant effect on the relative occurrence of different PSC types over the
Antarctic — especially on ice PSCs. They showed that during the period June–
October 2006 66% and 52% of the PSCs over western and eastern Antarctica,
respectively, were associated with an underlying deep-tropospheric cloud system. In Paper III of this thesis we used observations from CALIPSO between
December 2007 and February 2008 to study the possible relationship between
the occurrence of Arctic PSCs and tropospheric clouds. CALIPSO PSC observations were classified according to the underlying tropospheric clouds to
investigate their influence on PSC microphysical properties. For classification
of the three PSC types we utilize the combination of the linear aerosol depolarization ratio (δaer ) and the total backscatter ratio (RT ) as was done by Adriani
et al. (2004) and Massoli et al. (2006).
Between 15 December 2007 and 6 February 2008 a total number of 211
PSCs were identified in the CALIPSO lidar observations over the Arctic. A
time–resolved display of these observations is given in Figure 4.1a. The identified PSCs were analyzed with respect to their composition (Figure 4.1b) and
the type of underlying tropospheric clouds. The highest number of PSCs was
observed in early January 2008. Mixed–phase (47%) and type Ib (STS) PSCs
(37%) dominated during the period under investigation. Ice PSCs (11%) were
rarely observed during that winter. NAT PSCs (5%) were mainly observed
during January while February was dominated by pure STS clouds.
All 211 PSCs observed during CALIPSO overpasses during the winter
2007/2008 were classified and sorted into four different groups with respect to
the underlying tropospheric cloud systems. 172 of the 211 PSC observations
(81.5% of all PSCs) occurred in connection with tropospheric clouds. 72%
of these 172 PSCs (58.8% of all PSCs) were observed over deep-tropospheric
cloud systems. 26 cases of PSCs were found over mid-tropospheric clouds
(12.3% of all cases) while 22 cases of PSCs were oberved over cirrus (10.4%
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Figure 4.1: (a) Daily resolved number of PSCs detected in CALIPSO measurements north of 60◦ N during winter 2007/2008. (b) Analysis of the PSC observations in accordance to their type. Unshaded and shaded bars refer to observations
over tropospheric clouds or during the absence of tropospheric clouds, respectively. The distribution differs from the display in (a) because individual PSCs
might contain areas of different composition.

of all cases). The remaining 39 PSCs (18.5% of all cases) showed an absence
of underlying tropospheric clouds. For comparison a deep tropospheric cloud
without a PSC above occurred during 28% of the observations. During the
entire period ice PSCs were only once observed during the absence of tropospheric clouds (Figure 4.1b, shaded area). The findings of Paper 3 revealed
a similar result for Arctic PSCs compared to what was presented in previous
studies of Antarctic PSCs by Wang et al. (2008) and Adhikari et al. (2010).
Furthermore, the findings of Paper III indicate that the tropospheric control of
PSC occurence is governed by adiabatic cooling connected to mesoscale cyclonic dynamics rather than by radiative cooling. Though the study presented
in this thesis is restricted to one Arctic winter a clear connection between tropospheric clouds and PSC occurrence could be established. Future studies
which consider the entire CALIPSO data set (six Arctic winters so far) would
be very valuable to provide insight into the processes behind the observed connection.
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4.3

Combined Space–borne and Ground–based Lidar Measurements

In order to investigate PSC formation, cloud microphysics, and the history
of the PSC air parcel need to be quantified. The microphysical properties
can be determined from lidar measurements. The history of the PSC parcels
can be determined from meteorology data (e.g., back–trajectory analysis) and
microphysical model simulations. In Paper IV of this thesis ground–based
and space–borne lidar measurements were combined with microphysical box–
model simulations along 72–h backward trajectories to gain new insight into
PSC formation.
The case study discussed in Paper IV focuses on a PSC observation between 18 and 26 km on 22 and 23 January 2008. 72–h back trajectories
based on ECMWF analyses were calculated between 72 hPa (16 km height)
and 11 hPa (27 km height) in steps of 1 km to investigate the connection between PSCs that were observed over Esrange and by the CALIPSO lidar. The
backward trajectories shown in Figure 4.2 were started at 0000 UT (left) and
0600 UT (right) on the 23rd January 2008. The PSC over Esrange was classified according to the method described in Blum et al. (2005b). At 0000 UT
the PSC consisted of STS particles between 21 and 25 km and a mixed–layer
at cloud base. AT 0600 UT the PSC consisted of a STS layer between 20 and
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Figure 4.2: 72–h backward trajectories ending at 72 hPa (green), 22 hPa (blue),
and 11 hPa (purple) height level over Esrange on 23 January 2008 at 0000 UT
(left) and 0600 UT (right). CALIPSO observations within 72 h before the observation at Esrange are shown as well. Type Ia PSCs are shown as purple lines
and type Ib PSCs are shown as gray lines. The temperature along the backward
trajectories are shown in the bottom panel.
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24 km and a NAT layer between 24 and 26 km.
The temperature along the trajectory (Figure 4.2, bottom panel) at the 72–
hPa and 11–hPa levels was found to be too warm for PSC formation. At all
other altitude levels NAT existence temperature was achieved before the air
mass reached Esrange. At the 22–hPa level (23 km) NAT existence temperature was reached between 40 to 38 h before the observation with the ground–
based lidar system at Esrange. CALIPSO observed two PSCs along the air
parcel back trajectory: one around 0240 UT and a second one around 0420 UT
on 23 January 2008. The aerosol depolarization ratio was around zero for both
measurements. Thus, the PSCs consisted mainly of STS (type Ib). Several
widespread PSCs with different composition were observed by CALIPSO between Greenland and Norway in the time period from 20 to 23 January 2008.
All these PSCs were identified as type Ib (Figure 4.2, gray lines). In the same
time period CALIPSO observed type Ia PSCs over Scandinavia (Figure 4.2,
purple lines). The PSCs observed by CALIPSO were classified according to
the method described in Massoli et al. (2006).
Box model studies (Blum et al., 2006) revealed that the PSC that was identified over Esrange formed about 20 h prior to its observation. At this time the
air mass was located over Greenland. The composition of the PSC changed
from STS to a mixed–phase PSC within the moving air mass. A likely scenario is that the solid particles started to form when the air mass reached the
Scandinavian mountains about 4 h prior to the observations at Esrange. This
is in agreement with the CALIPSO observations.
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5. Outlook

This thesis focused on the observation and classification of PSCs in the Arctic
by means of ground–based lidar measurements at Esrange and space–borne
lidar measurements. In order to improve our understanding of the processes
that govern PSC formation (in particular that of type Ia PSCs) sophisticated
PSC characterization needs to be combined with a detailed view on the atmospheric background conditions in which individual PSCs develop, exist, and
are transformed from one type to another.
As outlined in Section 3.1 and described in detail in Paper I, a key aspect
of this work was to upgrade the Esrange lidar to keep it a state–of–the–art tool
for PSC observations. The instrument not only allows for a detailed characterization of PSC microphysical properties. It is also capable of measuring ambient temperature within PSCs. The formation of different PSCs types depends
strongly on temperature. Note that PSC studies generally rely on temperature
information from models and that concurrent temperature measurements are
rare.
The new detection setup of the Esrange lidar and its growing data set of
PSC observations provide the foundation for future PSC studies that will help
to improve our understanding of PSC formation. These studies benefit from
the geographical location of Esrange in the lee of the Scandinavian mountain
range, where mountain–wave activity triggers the formation of a wide range
of PSC types and subtypes. Furthermore, the developments with focus on
atmospheric temperatures, volume–extinction–coefficient measurements, and
an improved characterization of cloud and aerosol particles are important to
support future balloon campaigns studying PSCs processes.
Space–borne lidar observations provide an unprecedented opportunity for
studying the connection between PSCs and underlying synoptic–scale conditions that manifest, e.g., as tropospheric clouds. Section 4.2 and Paper III
presented first insights on this connection. The growing size of the CALIPSO
data set will form a foundation for future studies of PSC–tropospheric–clouds
connections. The CALIPSO data set also forms the first polar–wide time series of PSC observations that is not biased to tropospheric conditions (cloud
cover). Hence, a completely new perspective on PSCs and related processes is
offered by space–borne observations.
From a combination of ground–based and space–borne lidar measurements
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with microphysical modeling it is possible to reconstruct the evolution of an
individual PSC and the formation of different PSC types (see Section 4.3 and
Paper IV). The box model that was applied for describing the processes within
PSCs is only suitable for the parameterization of PSC of type Ib. For future
studies microphysical models that are capable of describing the three main
PSC types should be used. New insight in PSC–related processes will be obtained in the future when such improved models are combined with the meteorological information along trajectories that describe the movement of the
observed air parcel.
Different classification schemes for PSC characterization with lidar are reported in the literature. Within the different classification schemes varying
thresholds are used to separate between PSC types. As discussed in Section 3.4
and Paper II a wide spread is found in occurrence of different PSC types when
applying several classification schemes to the 17–year time series of Esrange
lidar measurements. A homogenization of lidar–based classification schemes
seems to be necessary for a reliable and comparable interpretation of PSC observations in the future. Since lidar has been used since decades for PSC measurements a unified view of various lidar statistics could be used to gain more
inside into the occurrence of different PSC types and the accompanying atmospheric conditions.
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