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orography above the mountainous measurement

Abstract

site. Using the retrieved optical depths and
top temperatures of the cirrus clouds, we use

Cirrus clouds play an important role in the

a radiation model to estimate their radiative

Earth’s climate system. They consist of ice

effect. The estimated warming due to the cirrus

particles with different number densities and

clouds of approximately 1 Wm−2 is in agreement

sizes and are typically situated in the upper

with the findings of previous studies.

troposphere, where they influence the water
vapor budget as well as the radiative properties

We have

of the atmosphere. Cirrus clouds generally have

sensitivity

of

by our lidar over Jungfraujoch. The assessed

optically thick cirrus may have a cooling effect,

uncertainties include the temporal resolution

as they scatter incoming solar radiation back to

of input wind fields, the temporal resolution

space. As the climate changes, the occurrence

of the trajectories, the representation of small-

and properties of cloud types may also change,

scale temperature fluctuations that cannot be

leading to shifts in the Earth’s radiation budget.

resolved by the underlying numerical weather

To understand the possible future effect of clouds

prediction (NWP), the initial humidity provided

on climate, it is essential to understand the cur-

by the NWP model, and the number density of

rent clouds and their effect on the climate system.

heterogeneous ice nuclei.

In this thesis, the focus is on mid-latitude
performed

the

boxmodel to simulate a cirrus cloud measured

wave radiation. However, low cirrus as well as

We

assessed

in the input data. We used a microphysical

they are able to absorb the Earth’s outgoing long

clouds.

also

Lagrangian cirrus modeling to uncertainties

a global warming effect on the Earth’s climate as

cirrus

Abstract

The main focus of the study is the sensi-

ground-based

tivity of the temporal resolution of NWP and

LIDAR (LIght Detection And Ranging) mea-

trajectory data on the simulated cirrus profile.

surements of cirrus clouds at our institute roof in

We used trajectories calculated from the NWP

Zürich and on the high-alpine Research Station

model COSMO-2 using data with temporal reso-

Jungfraujoch, using an ALS 450 cloud lidar

lutions between 20 s and one hour. The accuracy

from Leosphere. We collaborate with colleagues

of the simulations improves significantly when

in Jülich, who used the same type of lidar at

data with a higher temporal resolution are used.

their institute. In this study, we developed the

For this case study, trajectories with a temporal

Fast LIdar Cirrus Algorithm ”FLICA”, which

resolution of 20 s were able to reproduce the

automatically evaluates lidar measurements,

measured cirrus cloud without superimposing

enabling the rapid analysis of large lidar data

small-scale temperature fluctuations. For coarser

sets. FLICA combines a cloud detection scheme

temporal resolutions, small-scale temperature

with classical lidar evaluation. Using FLICA,

fluctuations need to be superimposed onto

we present a mid-latitude cirrus climatology

the trajectories. The small-scale temperature

based on 13000 hours of lidar measurements.

fluctuations are obtained by scaling the power

We find similar cirrus cloud properties at our

spectral densities (PSDs) of temperature, mea-

measurement sites, with thinner clouds being

sured by aircrafts, to the COSMO-2 intensity

observed at Jungfraujoch than at the other mea-

at lower frequencies. For future Lagrangian

surement sites. Differences may be due to the

modeling studies, if using NWP data with a

higher measurement site enabling the detection

spatial resolution of 2.2 km, we suggest using

of thinner clouds, or due to real differences in

trajectories based on NWP data with a temporal

cloud properties, e.g. because of the special
i
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resolution of better than 5 min to account for
the variability present in the NWP model.
Furthermore, we show that the simulated
case was a time period with very weak wave
activities, so that the necessity of using high time
resolution modeling is likely to be even more
pressing under more active conditions. Moreover,
the sensitivities on initial humidity and number
of ice nuclei were assessed. Shifting the initial
humidity values results in differences in cloud
altitude and magnitude. The sensitivity studies
suggest that the number density of heterogeneous ice nuclei is most likely less than 50 L−1 ,
which agrees with measurements of background
IN concentrations in the mid-latitudes.
Finally, a closure study of aerosol properties over the Swiss Alps is presented. Our lidar
was installed at Kleine Scheidegg and tilted
in the direction of Jungfraujoch. Extinction
was measured in-situ at Jungfraujoch by a
humidified nephelometer, and compared with
remote-sensing of the same air mass measured
by our lidar from the position further down in
the troposphere. We find good agreement of the
different measurement techniques which confirms
the reliability of our lidar data evaluation.

ii
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unterschiedliche Topografie sowie verschiedene

Zusammenfassung

Wetterlagen entstehen. Der geschätze wärmende
Effekt der Zirruswolken stimmen mit vorherigen

Zirruswolken spielen eine wichtige Rolle im

Studien überein.

Klimasystem der Erde. Sie bestehen aus Partikeln

mit

unterschiedlichen

Anzahldichten

Ferner haben wir die Sensitivität von lan-

und Grössen und sind typischerweise in der

grangsche

oberen Troposphäre gelegen, wo sie den WasserAtmosphäre

beeinflussen.

ursprüngliche Feuchte berechnet von einem
numerischen Wettermodel, die Anzahldichte

dicke Zirren können auch kühlen. In einem

der heterogenen Keime, die zeitliche Auflösung

zukünftigen verändertem Klima können sich

der Trajektorien als auch die Repräsentation

die Auftretenshäufigkeit sowie die optischen

von kleinskaligen Temperaturfluktuationen, die

Eigenschaften aller Wolkentypen ändern, was

von dem Wettermodell nicht aufgelöst werden

zu Änderungen im Strahlungshaushalt der Erde

kann. Wir benützen Trajektorien, die vom

führen wird. Um den zukünftigen Effekt der

numerischen Wettermodell COSMO-2 stammen

Wolken aufs Klima zu verstehen, ist es unab-

mit einer zeitlichen Auflösung zwischen 20 s

dingbar die heutigen Wolken und deren Effekt

und eine Stunde. Die Genauigkeit der Simula-

aufs Klima zu verstehen.

tionen wird markant verbessert wenn zeitlich
hochaufgelöstere Daten benützt werden. Für

In dieser Arbeit ist der Fokus auf Zirrus-

diese Fallstudie konnten wir mit Trajektorien,

wolken in den mittleren Breiten. Sie sind mit

die eine zeitliche Auflösung von 20 s haben, die

zwei Bodenlidars (LIght Detection and Ranging)

gemessene Zirruswolke simulieren ohne klein-

an drei unterschiedlichen Messorten in den mit-

skalige

tleren Breiten; Zürich, Jülich und Jungfraujoch.

hinzufügen

schwachen Wellenaktivität. Für grobere zetiliche

Westfalen, Deutschland und am Jungfraujoch in

Auflösung müssen die kleinskaligen Temperatur-

den Schweizer Alpen gibt es auf 3580 m.ü.M.

fluktuationen immer noch berücksichtigt werden.

eine Forschungsstation. Die gemessenen Daten
von

Temperaturfluktuationen

zu müssen für ein Zeitabschnitt mit sehr

Jülich liegt im westlichen Teil von Nordrhein-

ausgewertet

Unsicherheiten

zeitliche Auflösung der Eingabewindfelder, die

das Klima der Erde, aber warme und optisch

automatisch

auf

Die beurteilten Unsicherheiten beinhalten die

Zirruswolken

haben im Mittel einen wärmenden Effekt auf

werden

Modellierung

in den Eingabetrajektoriendaten untersucht.

dampfhaushalt als auch die Strahlungshaushalt
der

Zusammenfassung

dem

Die spektrale Leistungsdichte der Vertikalwinde

hier entwickelten FLICA-algorithmus, der eine

werden anhand von Flugzeugmessungen berech-

schnelle Analyse von grossen Lidar datenmengen

net. Die von Flugzeug gemessungen spektralen

ermöglicht.

Leistungsdichten werden skaliert auf die tieferen Frequenzen der Werte aus COSMO-2

Wir benützen FLICA und präsentieren eine

um die kleinskaligen Temperaturfluktuationen

Klimatologie von Zirren aus den mittleren

zu berechnen. Für weitere lagrangsche Mod-

Breiten gestützt auf 13 000 Stunden Lidar Mess-

ellierstudien, schlagen wir vor eine zeitliche

daten. Wir beobachten ähnliche Zirruseigen-

Auflösung der Trajektorien, die besser als 5

schaften an allen Messtationen in den mittleren

min ist, zu benützen um die Variabilität, die

Breiten, jedoch werden auf dem Jungfraujoch

im numerischen Wettermodell vorhanden ist,

dünnere Zirruswolken gemessen als bei den zwei

besser zu repräsentieren. Die Sensitivitätsstudie

anderen Messstationen. Die unterschiedlichen

kommt zum Schluss, dass die Anzahldichte der

Eigenschaften der Zirruswolken können durch
iii
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heterogenen Keime höchstwahrcheinlich weniger
als 50 pro Liter sind.
Schliesslich zeigen wir eine umfassende Studie
der Aerosoleigenschaften über die Schweizer
Alpen. Extinktion wurde gemessen in-situ von
einem befeuchtenden Nephelometer und via
Fernerkundung, Lidar, von einem Ort weiter
unten in der Troposphäre. Wir zeigen eine gute
Übereinstimmung der verschiedenen Messungen
was die Verlässlichkeit unserer Datenauswertung
zeigt.

iv
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Introduction

the outgoing longwave radiation leading to

1 Introduction

a warming of the atmosphere, the so-called
greenhouse effect (Corti and Peter; 2009).

Cirrus clouds are one of the largest uncertainties
in climate models (Dessler and Yang; 2003;

Other properties affecting the radiative effect of

Solomon et al.; 2007; Myhre et al.; 2013). Their

cirrus clouds are their microphysical properties,

coarse parameterization, as well as a low level

such as size, number concentration, ice water

of understanding regarding their formation and

content and shape (Platt and Harshvardhan;

evolution processes, contributes to this issue.

1988; Ebert and Curry; 1992; Fu and Liou;

Lidar measurements are a suitable means for

1992; 1993; Lin et al.; 1998a; Chen et al.; 2000).

measuring cirrus clouds because they provide

Cirrus clouds pose further uncertainties as

long-term measurement series of cloud proper-

compared to liquid clouds because the shape and

ties.

orientation of the ice crystals determine their
effect on climate. However, these parameters are

Cirrus clouds can be categorized with respect

difficult to obtain from measurements. Liquid

to their optical depths, τ (i.e. how transparent

clouds, on the other hand, consist of spherical

they are). Sassen and Cho (1992) found that

particles, which simplifies the estimation of their

cirrus cloud with an optical depth of 0.03 or less

climate effect.

are not visible to the eye. these cirrus clouds are
hence referred to as subvisible. Blueish cirrus

Although the radiative effect of mid-latitude cir-

clouds have optical depths between 0.03 and

rus clouds has been studied (e.g. by Chen et al.;

0.3 and are termed thin. Finally, cirrus clouds

2000; Fusina et al.; 2007; Cziczo and Froyd;

with optical depths greater than 0.3 are called

2014), the magnitude of their net warming effect

opaque and are clearly visible against the blue

is still uncertain and therefore discussed in this

sky. The upper limit of optical depths that can

thesis (sec. 4).

be measured with a lidar is around 3 (Sassen
and Comstock; 2001).

In this thesis, we used a ground-based lidar
(Light Detection and Ranging) to measure

The optical depth as well as the tempera-

and analyze mid-latitude cirrus clouds. A lidar

ture are important properties for determining

detects aerosols and (cirrus) clouds using a

whether cirrus clouds have a cooling or warming

laser pulse that is emitted into the atmosphere

effect on the Earth’s climate. Different optical

and then scattered back to the detector of the

depths occur due to differences in particle num-

lidar. This detected fraction of the emitted laser

ber concentrations, typically varying between

pulse can be used to calculate properties of the

5 and 100 L−1 , and particle sizes (diameters

detected clouds and aerosols such as e.g. altitude

mostly between 10 and 200 µm (?Cziczo and

and optical depth. To simplify the evaluation of

Froyd; 2014).

the detected signal and enable the evaluation of
a large lidar data set, an automatic evaluation

Optically thick and warm (low) cirrus clouds

algorithm - FLICA - was developed. The lidar

scatter incoming solar radiation and thus have a

technique is described in detail in chapter 3.

net cooling effect on the climate. As they have
similar temperatures as the Earth’s surface,
the net longwave effect is small. On the other
hand, optically thin and high cirrus clouds are
much cooler than the Earth’s surface, absorb
1
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Introduction

cirrus cloud modeling with an in-depth analysis

1.1 Thesis Aim

of the simulated power spectral densities (PSD,

The aim of this thesis is to address the following

i.e. the relation between wave amplitude and fre-

questions:

quency) of the vertical wind and temperature as
compared to different measurement campaigns

(a) How frequently do cirrus clouds occur in

(SUCCESS, ALPEX, MACPEX), the NWP

mid-latitudes and what is their optical thick-

model COSMO-2 and balloon soundings. These

ness and vertical distribution?

findings are presented in chapter 5 and address

(b) How do mid-latitude cirrus clouds influence

(c) and (d).

the radiation budget?

During the CLACE 2010-campaign, we per-

(c) What are the factors determining the phys-

formed lidar measurements on the Kleine

ical and optical properties of cirrus clouds?

Scheidegg in the Swiss Alps. These measure-

How sensitive are they to these factors?

ments were compared with in-situ measurements

(d) Can we combine lidar observations and

of extinction at a measurement site further up

model simulations to determine the possible

in the troposphere. This closure study, which

number density of heterogeneous ice nuclei

answers question (e), is presented in chapter 6.

(IN)?

Finally, chapter 7 contains the conclusions and
outlook of this thesis.

(e) What are the optical properties of midlatitude aerosols and how well do they agree
with other measurements?

1.2 Outline of the thesis
To address the questions posed in sec. 1.1, we
use lidar-measurements of mid-latitude cirrus
clouds above Zürich, Jungfraujoch and Jülich.
An automatic algorithm, the Fast LIdar Cirrus
Algorithm (FLICA), was developed. FLICA
combines a pixel-based cloud detection scheme
with a lidar retrival (Kovalev and Eichinger;
2004) to compute the extinction coefficients
from the measured lidar signal. We use the
extinction profiles to calculate the optical depth
τ of the cirrus clouds, which are required to
perform calculations of the cirrus cloud radiative
forcing. Using a radiation model developed
by Corti and Peter (2009) as well as analysis
data from the numerical weather prediction
(NWP) model COSMO, the radiative effect of
these cirrus clouds is quantified and presented
in chapter 4, addressing (a) and (b) of section 1.1.
We also present a thorough sensitivity study of
2
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Cirrus clouds

little cirrus cloud cover because the descending

2 Cirrus clouds

air masses are too dry. This is seen in Figure 2.1.

2.1 Global distribution
Cirrus clouds cover about 30% of the Earth’s

2.2 Formation processes

surface (Wylie and Menzel; 1999; Cziczo and

Cirrus clouds form as air masses cool and the crit-

Froyd; 2014). Their spatial distribution can be

ical supersaturation for nucleation is overcome.

seen in Figure 2.1 where the cirrus clouds were

This can occur due to several processes, which

detected by CloudSat and CALIPSO. Figure

are nicely illustrated in Figure 2.2. Cziczo and

2.1 shows 1-year averages of cirrus occurrence,

Froyd (2014) describe five different atmospheric

including day- and nighttime measurements as

conditions that can lead to cirrus formation.

well as single and multiple cirrus cloud layers.
Most cirrus clouds occur within the inter tropical

 Synoptic cirrus are formed due to the lift-

convergence zone (ITCZ) where the coverage

ing of air, e.g. linked to fronts. As the air

varies between 40 and 60 % (Fu et al.; 2007;

ascends, it cools adiabatically, which leads to

Massie et al.; 2010; Thorsen et al.; 2013). Above

an increase in relative humidity with respect

the mid-latitudes of the Northern Hemisphere, a

to ice, RHi , and the formation of ice.

value between 10 and 30% is observed.

 Anvil cirrus are formed from cumulus clouds,
which transport aerosol particles and ice

The difference in cirrus coverage between

with high updrafts from the lower to the

mid-latitude and tropics can be explained by

upper troposphere. The cirrus are formed

the occurrence of enhanced deep convection

from the outflow of the anvil. High updrafts

and detrained anvils at the low latitudes (Mace

are necessary to prevent the large particles

et al.; 2006). In the equatorial regions, the sun

and ice crystals from sedimenting.

is perpendicular to the surface, causing a strong
warming of the tropical air masses. As these

 Tropopause cirrus, located at the cold, tropi-

airmasses warm, they ascend towards the trop-

cal, tropopause are formed by large scale ver-

ical tropopause. Above potential temperatures

tical air movements. These can be caused by

of 380 K, the so-called extratropical pump,

deep convection or descending Kelvin waves

induced by gravity waves, transports these air

(Seifert et al.; 2007; Randel and Jensen;

masses poleward (Holton et al.; 1995). During

2013).

the upward movement, the air is cooled and

 Orographic cirrus are formed due to topo-

clouds are formed. The tropical tropopause is

graphically induced lifting. This causes the

located higher than the mid-latitude tropopause,

upward propagation of gravity waves, which

resulting in a stronger cooling of the ascending

can trigger cirrus formation (Joos et al.;

air masses and formation of more cirrus clouds

2010).

as compared to the mid-latitudes. Tropical

 Contrail cirrus are formed through the input

cirrus cloud occur at 16-19 km a.s.l. whereas

of exhaust water vapor, as well as by

mid-latitude cirrus appear between 6-12 km.

aerodynamic cooling caused by aircrafts in
Cirrus clouds use the water vapor present

the upper troposphere (Gierens and Dilger;

in air masses for their formation, causing the air

2013). The addition of water vapor in the

masses descending over the subtropics to be dry

upper troposphere is the main reason for the

(Dargan et al.; 2007). Thus, many subtropical

formation of exhaust contrail cirrus (Twohy

regions, such as northern Africa, experience very

and Gandrud; 1998) as they form via liquid
3
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Cirrus clouds

Figure 2.1: Global distribution of cirrus clouds as detected by CloudSat and CALIPSO by Sassen et al. (2008), analyzed
within 5 times 5◦ grid boxes. Data from 15 June 2006 until 15 June 2007.

drops . The background conditions (temper-

2002). These can be formed through aggregation

ature and relative humidity) determine the

at warm cirrus temperatures, around 240 K

persistence of the contrails (Jensen et al.;

(Jensen et al.; 2013; Kienast-Sjögren et al.;

1998).

2013).
All ice crystals have hexagonal structures.

2.3 Ice crystal shape

The axis in the basal, hexagonal plane is termed

Ice crystals appear in many different shapes (cf.

the c-axis; the axis perpendicular to it is the

Fig.2.3). The shape of ice particles influences

a-axis. Growth can take place in the direction

how they scatter solar radiation and thus has an

of either axis. The final shape is determined by

impact on their radiative effect. The aspherical

the slowest-growing direction, which depends on

shape of ice particles makes it possible to dis-

temperature and supersaturation (Pruppacher

tinguish between solid ice particles and liquid,

and Klett; 1997; Libbrecht; 2005).

spherical, cloud droplets with remote-sensing
instruments such as lidars. The shape of the

For temperatures close to 0◦ C (mixed-phase

ice particles depends on the temperature and

clouds), mainly plates and dendrites are formed

supersaturation conditions under which they are

(enhanced growth along the a-axis), cf. Fig. 2.3.

formed, as this influences how they grow (Hallett

At colder temperatures, hollow columns and

and Mason; 1958; Kobayashi; 1961; Libbrecht;

needles occur (stronger growth along the c-axis).

2005; Kienast-Sjögren et al.; 2013). Fig. 2.3

At temperatures near -22◦ C, large dendrites,

shows temperatures occurring in mixed-phase

sectoral and solid plates begin to form. At even

clouds (too warm for cirrus formation). The

colder temperatures, smaller plates and columns

shapes shown occur in cirrus clouds as well.

are present. The influence of supersaturation and

Ice crystals in the temperature range of cirrus

temperature on the ice crystal habit is depicted

clouds (below -40◦ C) are smaller than at warmer

in Fig. 2.3.

temperatures.

Frequently

agglomerates

are

observed within cirrus clouds (Heymsfield et al.;
4
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Figure 2.2: Mechanisms for cirrus formation adapted from Cziczo and Froyd (2014).
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Cirrus clouds

expressed as:

2.4 Microphysical processes
Cirrus clouds form homogeneously through the

Jhom =

freezing of metastable aqueous solution droplets
(Lin et al.; 1998a; Koop et al.; 2000; Kärcher

kB T
∆F
exp −
h
kB T






· N1 · exp −

∆G
kB T
(2.3)


where ∆F = ∆F (T ) describes the diffusive

and Ström; 2003), or heterogeneously on solid

energy for the transfer from liquid to solid and

particles known as IN, such as dust or ash (Prup-

h denotes the Planck’s constant (for more details

pacher and Klett; 1997; Rolf et al.; 2012; Cziczo

see e.g., Seinfeld and Pandis; 2006; Marcolli

et al.; 2013; Cziczo and Froyd; 2014). The type

et al.; 2007; Ickes et al.; 2015). The first part

of nucleation depends on the surroundings of the

of equation 2.3 describes the flux rate of water

air parcel (e.g., availability of IN, relative humid-

molecules crossing the solid/liquid interface.

ity, temperature) as well as on the predominant
dynamics and the history of the air parcels (Lin

2.4.2 Heterogeneous ice formation

et al.; 1998a).

Recent measurements (e.g., Cziczo et al.; 2013;
Cziczo and Froyd; 2014) suggest that most cirrus
clouds are formed by heterogeneous nucleation

2.4.1 Homogenous ice formation

on solid IN. In the mid-latitudes, typical back-

Homogeneous nucleation is described by classic

ground concentrations of IN are on the order of

nucleation theory (e.g., Pruppacher and Klett;

10-30 particles L−1 (Haag and Kärcher; 2004; ?;

1997; Seinfeld and Pandis; 2006; Ickes et al.;

DeMott et al.; 2010). The presence of IN lowers

2015) and requires relative humidity with respect

the energy barrier that needs to be overcome for

to ice larger than 140% for 240 K and 170% for

the phase transition. The nucleation rate can now

180 K (Koop et al.; 2000). Under these condi-

be described as:

tions, the energy barrier that needs to be overcome for spontaneous nucleation is crossed. This

Jhet =

energy barrier can be described as
∆G =

16π vice (T )2 σiw (T )3
·
3
(kB T ln Si )2

This approach of heterogeneous nucleation
is termed immersion freezing, where the the

2006; Ickes et al.; 2015). From eq. 2.1, the con-

IN is immersed in a solution droplet. Other

centration of critical ice nuclei can be described
∆G
kB T



interface (Marcolli et al.; 2007).

Si the ice saturation ratio (Seinfeld and Pandis;

N = N1 · exp −



density of water molecules at the ice/liquid

ice and water, kB is the Boltzmann constant and





energy barrier and N2 describes the number

ice, σiw denotes the interfacial tension between





where fhet ≤ 1 describes the reduction of the

(2.1)

where vice is the volume of a water molecules in

as:

kB T
∆F
∆G × fhet
exp −
·N2 ·exp −
h
kB T
kB T
(2.4)

approaches

for

heterogeneous

are

contact

freezing, condensation freezing and deposition

(2.2)

nucleation (Hoose and Möhler; 2012; Pruppacher

where N1 is the number of water molecules per

and Klett; 1997). Different formation paths for

unit volume in the liquid phase (typically 3.1

homogeneous and heterogeneous nucleation are

Marcolli et al.; 2007). This term

shown in Fig. 2.4 as a function of temperature

is also called the thermodynamic part of the

and supersaturation with respect to ice and are

nucleation rate. Once an additional molecules is

well described in Hoose and Möhler (2012).

×

1022

cm−3 ,

added to the critical nuclei, a stable ice crystal is
formed. The nucleation rate in m−3 s−1 can be

From Fig. 2.4 and eq. 2.4, we see that het6
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Cirrus clouds

Figure 2.3: Ice crystal shapes from Libbrecht (2005)
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Figure 2.4: Heterogeneous and homogeneous nucleation processes from Hoose and Möhler (2012)

erogeneous nucleation can take place at lower

Pandis (2006) describe this reduction as:

ice saturation ratios and higher temperatures
fhet =

(cf e.g. Koop et al.; 2000; Koop; 2004). We now
focus on immersion freezing where Seinfeld and

1
(2 + cos α) (1 − cos α)2
4

(2.5)

where α denotes the contact angle between the
IN and the water solution. For further details,

7
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see e.g. Pruppacher and Klett (1997), Seinfeld
and Pandis (2006) and Marcolli et al. (2007).
For small contact angles, the factor fhet is much
smaller than one, leading to much higher nucleation rates than for homogeneous nucleation.
Homogeneous and heterogeneous nucleations are
implemented as described here in the microphysical boxmodel ZOMM (Zurich Optical and
Microphysical Model, Luo et al.; 2003a;b) that
is used in the sensitivity study presented in
chapter 5. where α denotes the contact angle
between the IN and the water solution. For
further details, see e.g. Pruppacher and Klett
(1997), Seinfeld and Pandis (2006) and Marcolli
et al. (2007). For small contact angles, the factor
fhet is much smaller than one, leading to much
higher nucleation rates than for homogeneous
nucleation.
Homogeneous and heterogeneous nucleations are
implemented as described here in the microphysical boxmodel ZOMM (Zurich Optical and
Microphysical Model, Luo et al.; 2003a;b) that
is used in the sensitivity study presented in
chapter 5.
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3 Lidar technique

Lidar technique

As shown in eq. 3.1, we have one measured
quantity but four unknowns in the equation.

3.1 Lidar principle

Therefore, we need to use the best available

The principle of lidar measurements is described

knowledge to solve this equation. We use

in Fig. 3.1. A laser pulse is emitted into the

COSMO-2 analysis data of temperature and

atmosphere, where a fraction of the pulse is

pressure to calculate the molecular number

absorbed or scattered by aerosols, cloud parti-

density profiles. The Rayleigh scattering proper-

cles or molecules (e.g., Ansmann et al.; 1992;

ties of the molecules are described in Bucholtz

Wandinger; 1998; Kovalev and Eichinger; 2004;

(1995). The distribution of scattered light in air

Kokhanovsky; 2008; Seifert et al.; 2007; Rolf

is described by the Rayleigh phase function Pm

et al.; 2012). The remaining fraction of the

as:

pulse is scattered back to the lidar. The lidar

Pm (θ) =

instrument detects this attenuated backscattered
fraction of the emitted signal.

3(1 + cos2 θ)
4

(3.2)

For lidars, the typical scattering angle is 180◦ ,
leading to Pm =3/2. Because scattering is depen-

The light is attenuated due to the absorp-

dent on the wavelength, the backscattered cross-

tion and scattering of air molecules, aerosols

section can be described as (Bucholtz; 1995):

and particles present in the atmosphere. The
ship between scattering and absorption (see e.g.

βR (λ)Pm (180◦ )
βR (λ) · 3
=
4π
2 · 4π
(3.3)

Hänel (1976); Yang et al. (1997); Fu (2007)). For

where βR (λ) is the Rayleigh scattering coeffi-

a wavelength of 355 nm, most of the attenuation,

cient. We can derive the molecular backscatter-to

i.e. extinction, occurs due to scattering.

extinction ratio (e.g., Rolf; 2012):

βC (180◦ , λ) =

single-scattering albedo describes the relation-

LRm (λ) =

3.1.1 Elastic lidar
In this study, an elastic-backscatter lidar is used.

anisotropy of the air molecules is not considered

length as the emitted one. The range corrected
backscatter

here. This effect is discussed further in sec. 3.3.2.

detected by an elastic lidar

For the particulate properties, an extinction-to-

can be described by the lidar equation as:
−2

r2 P (r) = C[βm (r) + βp (r)]e
|

{z

backscatter

Rr
0

[σm (r

|

0

backscatter ratio, termed lidar ratio, is assumed.
It is defined as:

) + σp (r0 )] dr0
{z

extinction

(3.4)

which we need to solve eq. 3.1. However, the

An elastic lidar detects light at the same wave(r2 P (r))

8π
βR (λ)
=
◦
βC (180 , λ)
3

}

LRp =

}

(3.1)

σp
βp

(3.5)

Particulate lidar ratios for cirrus clouds have

where subscript m describe the molecular prop-

been examined in many studies and are listed

erties and p the particulate properties at a range

in table 3.1 (e.g., Ackermann; 1998; Immler and

r away from the lidar instrument. Extinction and

Schrems; 2002; Larchevêque et al.; 2002; Seifert

backscatter is described by σ and β, respectively.

et al.; 2007; Yorks et al.; 2011; Hoareau et al.;

The instrumental properties are described by a

2013, and references therein). For the evaluation

constant C, which depends on e.g. the overlap

of our elastic lidar signal, we assume that par-

function, i.e. the altitude at which the laser

ticulate lidar ratios lie within this range, i.e. 10-

beam and the field of view of the instrument

40 sr . As we are specifically interested in cir-

overlap completely.
9
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r

Extinction
α (r, λ)
Backscattered Light
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Photomultiplier
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Figure 3.1: Lidar principle. From Rolf (2012)

rotational Raman lines lie very close (0.5-2

Table 3.1: Particulate lidar ratios

Cirrus clouds:
Continental aerosol:
Maritime aerosol:

nm) to the elastically scattering Cabannes line,

10-40 sr
40-80 sr
15-30 sr

making it difficult to distinguish between the
rotational Raman lines and the Cabannes line.

rus clouds, we only consider the values for cirrus

3.2 The IAC (Institute for Atmo-

clouds, except for the closure study in chapter 6.

spheric and Climate Science)
lidar

3.1.2 Raman lidars

For this project, a commercial lidar manufac-

In addition to elastically backscattered light,

tured by Leosphere was used. The model used,

Raman lidars also detect inelastically, Raman-

ALS 450, emits linearly polarized laser pulses at

scattered light. Raman scattering is caused

355 nm with a repetition rate of 20 Hz and a

by vibrational and rotational shifts in the

pulse energy of 16 mJ over 4 ns.

energy levels of air molecules that lead to shifts
in the wavelength of the scattered photons.

The duration of the laser pulse, as well as

Whereas elastically scattered light depends on

the resolution that can be used to store data ,

the properties of air molecules and particles,

determines the spatial resolution of a lidar. The

Raman-scattered light depends only on the

IAC lidar emits laser pulses with a duration of 4

properties of the air molecules.

ns, which corresponds to a length of 1.2 m given
that the speed of light is 3·108 m/s. As the data

With this information , the extinction pro-

is only logged at a temporal resolution of 10 ns,

files of the particles can be obtained directly

the effective vertical resolution is 1.5 m.

(Ansmann et al.; 1992; Wandinger; 2005). The
The instrument is able to detect elastically
 

intensity of Raman scattering also depends on

backscattered light, polarized parallel

temperature, which is used to infer temperature

P||

profiles (Cooney; 1972; Radlach et al.; 2008;

as well as perpendicular (P⊥ ) to the linearly

Achtert et al.; 2013), predominantly from the

polarized emitted laser pulse. This provides

pure rotational Raman lines. However, the

information about the sphericity of the mea10
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Lidar technique

sured particles and aerosols. Aspherical particles

According to the Mie parameter, the scattering is

scatter light in a polarization that is not par-

divided into the three following regimes Seinfeld

allel to the polarization of the incident laser

and Pandis (2006):

beam (Schotland et al.; 1971; Kovalev and

 Rayleigh scattering (x  1):The particle is

Eichinger; 2004; Weitkamp; 2005). Thus, a

much smaller than the wavelength of the

volume depolarization ratio can be defined as:
β⊥
δv = k .
β

scattering light. The scattering intensity is

(3.6)

proportional to λ−4 . As blue light has a

as described in Schotland et al. (1971). In

light is scattered more strongly than the

shorter wavelength than red light, the blue
red. This is the reason that the sky is blue.

section 2.3, it can be seen that ice particles are

At sunrise and sunset, the sunlight has to

aspherical and water droplets are spherical. A

pass through a longer path in the atmo-

volume depolarization ratio of 0 indicates that

sphere. Due to this long optical path, the

perfectly spherical particles are measured. With

blue light is scattered in many directions and

increasing polarization caused by the scatter,

only the yellow-red part of the light spec-

the depolarization ratio increases. We use this

trum reaches us. This effect is called redden-

information to determine which volume of the
measured particles are composed of ice.

ing (Bohren and Huffman; 2007). For visible

Measurements by the IAC were carried out

cles smaller than 0.1µm (Young; 1981; 1982;

light, Rayleigh scattering occurs for partiEberhard; 2010).

on the institute roof in Zürich as well as on
the high-alpine research station Jungfraujoch at

 Mie scattering(x ≈ 1): The particle has

3580 m a.s.l. The setup at Jungfraujoch can be

about the same size as the wavelength of

seen in Fig. 3.2.

the scattering light. Mie scattering is characterized by the Maxwell equations, which
describe the propagation of electromagnetic
light through a medium. The Mie the-

3.3 Scattering in the atmosphere

ory describes the solution of the Maxwell

with lidar

equations and was independently solved
by Lorenz (1890), Mie (1908) and Debye

3.3.1 Scattering principles

(1909). However, Mie theory is valid only for

The elastic scattering of light on particles is

spherical particles. Ellipsoids can be defined

affected by their size, their refractive index, and

according to the ratio of their major length

by the wavelength of the scattered light (Seinfeld

to their major axis. This measure is referred

and Pandis; 2006). These differences result in the

to as the aspect ratio. Spheres can be con-

color variations seen in the sky and in clouds as

sidered as a special case of an ellipsoid with

sunlight reflects off of particles of different sizes.

an aspect ratio of unity. Aspherical parti-

The different kinds of scattering occurring in the

cles occurring in the atmosphere have aspect

atmosphere can be described by the wavelength

ratios deviating from unity and are e.g. ice

of the light (λ) as well as by the particle diameter

crystals, ash and dust particles. To provide a

(D). This can be expressed with the Mie param-

solution to the Maxwell equations for those

eter x defined as:

particles, the T-matrix approach method
x=

πD
λ

(Waterman; 1965; Mishchenko et al.; 2010)
(3.7)

must be used.
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Figure 3.2: Setup of IAC lidar at Jungfraujoch. The ceilometer used to turn lidar on/off is seen on the right side of the
lidar.

 Geometric scattering(x  1): The particle is

(She; 2001):

larger than the wavelength of the scattering
light. The scattering is strongly dependent

βC =

on the shape and orientation of the particles(Seinfeld and Pandis; 2006).

νπ 2
νs λ4s

α2 + 7γ 2
180

!

!

(3.8)

where ν is the frequency of the emitted light, νs
the scattered frequency, λs the scattered wavelength and α the isotropic and γ the anisotropic

3.3.2 Depolarization in the atmosphere

polarizability, respectively. For Rayleigh scatter-

Molecules that have a dipole moment can alter

describe the additional effect of the anisotropy in

their quantum mechanical modes, which causes

the air, the King’s correction factor FK , is defined

them to scatter light back at a different wave-

as (She; 2001):

ing, λ=λs as the light is scattered elastically. To

length than the wavelength emitted from the
FK = 1 +

lidar. These rotational motions of air molecules
alter the scattering, a factor that must be

rotational

motions,

no

(3.9)

where the relative anisotropy  is defined as:

considered when evaluating lidar measurements.
Without

2
9

=

sidebands

besides the Cabannes lines are observed. The

 2

γ
α

(3.10)

For a wavelength of 355 nm, FK has a value of

effect caused by these rotational motions is

1.052 (Bucholtz; 1995). This leads to a value for

known as relative anisotropy. The backscattering

the anisotropy  of 0.234 (She; 2001). Eq. 3.8 can

cross section for a scattering angle of 180◦ for

be compared to the Rayleigh extinction cross sec-

the Cabannes scattering can be described as
12
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tion integrated over all directions described by:
8π
βR =
3

νπ 2
νs λ4s

!

α

2



2
1+
9
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where η k and η ⊥ describe the transmission efficiency of the receiving optics for the respective



polarization components.

(3.11)

Our lidar has a filter bandwidth of 0.3 nm. As

3.4.1 Depolarization characterization of
an ideal system - volume depolarization
ratio

the strong rotational sidelines occur more than
0.3 nm away from the Cabannes lines, they are
not detected by our measurements (Arshinov and
Bobrovnikov; 1999). We therefore chose to only

When the receiver of a certain polarization com-

consider the Cabannes line in this analysis. We

ponent is assumed to be ideal, the contribution

can now define the molecular, or Rayleigh, lidar

of the other polarization component is consid-

ratio from eqs. 3.8 and 3.11 as:

ered to be negligible in eq. 3.14. Thus, the signals

LRm

βR
8π
=
=
×
βC
3



180 + 40
180 + 7



measured in the parallel (i=par) and perpendic≈ 8.74 sr

ular (i=perp) channels are related to the signals
received at the telescope of the lidar as follows:

(3.12)

The presence of anisotropy causes a larger scat-

k

tering than is calculated if this effect is not taken
into account (She; 2001). We therefore consider

k
k
Ppar
= ηpar
Ptel

(3.15)

⊥
⊥
⊥
Pperp
= ηperp
Ptel
.

(3.16)

and

anisotropy in our lidar retrieval. Anisotropy also
influences the depolarization of the scattered signal. This leads to the depolarization deviating

Following Schotland et al. (1971) the volume

from a value of zero. The depolarization value is

depolarization ratio is defined as

defined in Young (1982) as:
ρ=

3
≈ 0.0039
4 + 180

δvol =

(3.13)

β⊥
exp(τ k − τ ⊥ ).
βk

(3.17)

Inserting eq. 3.1 into eq. 3.17 and assuming τ k =

i.e. air shows a value of 0.4 % depolarization

τ ⊥ (Sassen; 2005) yields:

caused by the anisotropy of the air molecules

k

δvol =

⊥
⊥
Pperp
ηpar Pperp
=
K
.
ideal
⊥
k
k
ηperp
Ppar
Ppar

(3.18)

The calibration constant Kideal can be derived

3.4 Depolarization characteriza-

from a measurement in a particle-free atmo-

tion

sphere where the volume depolarization ratio δvol
approaches the value ρ determined in eq. 3. 3.13.

The IAC lidar used in this project is able to
detect the signal

Pk

of the parallel and

P⊥

Under these conditions we obtain:

of

Kideal = ρ

the perpendicular polarization components of the
backscattered light after their passage through

the perpendicular and parallel components of the

general, these signals, measured at a detector i,

k

⊥ , respectively, for
detected signals Ppar and Pperp

k,⊥

are related to the incoming signals Ptel at the

the altitude of a cloud- and aerosol-free layer dur-

telescope of the lidar as follows:
=

k k
ηi Ptel

+

⊥
ηi⊥ Ptel

(3.19)

where kpara and kperp are the average values over

the optical components of the lidar system. In

k,⊥
Pi

kpara
kperp

ing nighttime. We choose an altitude of between
(3.14)

14 and 15 km a.s.l to calculate kpara and kperp .
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3.4.2 Depolarization characterization of
an ideal system - determination of the
total received signal

3.5 Processes affecting lidar measurements of cirrus clouds
Certain aspects need to be considered to ensure

In order to derive the optical properties of the

correct measurement properties from lidar mea-

observed particles from the measurements of the

surements. The following sections describe two

two polarization components, a total backscat-

effects that need to be taken into account when

k

⊥ ) has to be calcutered signal (Ptel = Ptel + Ptel

analyzing lidar measurements taken using a lidar

lated using eqns. 3.15 and 3.16 (following Rolf;

instrument that is able to detect depolarization.

2012), yielding:
1
k
ηpar

k

Ptel =

Ppar
⊥
+ Pperp
Kideal

3.5.1 Specular reflection

(3.20)

Ice particles have different shapes and orientations. Particles smaller than 10 µm are

k

A constant factor, 1/ηpar , remains in the equa-

influenced by Brownian rotation and motion (

tion, so that Ptel cannot be derived absolutely.

Hallett et al. (2002)) and are thus randomly

However, only the slope of the absolute signal is

oriented. Hexagonal plates larger than 100 to

required to derive the optical properties of the

200 µm can become horizontally aligned as

observed particles. Thus, eq. 3.21 is sufficient for

they fall. These plates affect the depolarization

this requirement and we calculate the total signal

characterization because they have depolariza-

as (Rolf; 2012):
Ptel =

Lidar technique

tion ratios close to zero (Seifert; 2010), as do
k
Ppar

Kideal

⊥
+ Pperp

spherical cloud droplets. This hinders the correct

(3.21)

classification of the ice particles.
Additionally,

3.4.3 Non-ideal system

the

horizontal

alignment

of

the ice crystals generates values for the retrieved

In reality, the parallel channel detects also a small

backscatter coefficient that are too high. Thus,

amount of perpendicular signals, and vice versa.

when the outgoing lidar signal is sent back,

This cross-sensitivity has been determined for a

it looks as though it had been reflected by a

Leosphere ALS 450 by Rolf (2012). He found a Dη

mirror. This problem occurs when ground-based

for the parallel receiver of 5 ×10−4 meaning that

lidar measurements are performed at the zenith

for one parallel-polarized photon, 5 ×10−4 cross-

angle of mixed-phase clouds or ice clouds, and

polarized photons are detected in the parallel

is illustrated in Fig. 3.3. It can be overcome by

receiver, or that for 2000 parallel-polarized pho-

tilting the lidar so that its orientation deviates

tons only one cross-polarized is detected in the

from the zenith (Platt et al.; 1978). During our

parallel channel. For the perpendicular receiver,

lidar measurements, the lidar head was tilted 5◦

he found a value of ≈ 570, meaning that on

to avoid this effect.

570 perpendicular photons, one parallel photon
is detected in the perpendicular receiver. As our
institute has no equipment to determine this

3.5.2 Multiple scattering

value, we chose to assume an ideal system for

Lidar measurements of clouds can be compli-

our data evaluation. As we also use an ALS 450

cated by the occurrence of multiple scattering.

we assume values similar to those determined by

Due to strong forward scattering, the emitted

Rolf (2012) which justifies the assumption of an

light might be further scattered to other par-

ideal system.

ticles and then reflected back within the field
14
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δ

Figure 3.3: Specular reflection causes an overestimation of backscatter βaer and an underestimation of depolarization δ.
From Rolf (2012) and Seifert (2010)

of view of the lidar (Wandinger; 1998). This

matic evaluation of large datasets. It combines a

leads to an underestimation of the extinction.

pixel-based cloud detection scheme with a lidar

Multiple scattering can also lead to errors in

retreival. FLICA is described thoroughly in sec-

the depolarization measurement, as the light

tion 4.2.2.

can be scattered several times before being
detected by the lidar. In a low dense liquid or
mixed-phase cloud, this can cause depolarization
values similar to those of an ice cloud, although
the cloud consists mainly of liquid cloud droplets.
Multiple scattering depends on the measurement
geometry (beam divergence, receiver field of
view and distance between the light source and
the field of view) and the medium itself (optical
depth, particle size). For lidar measurements,
forward scattering by large particles (as compared to the emitted wavelength) is the most
important process. Wandinger (1998) and Seifert
et al. (2007) describe an iterative procedure that
can be used to solve this problem. We used this
procedure, together with the multiple scattering
model of Hogan (2008), to account for this
problem.

3.6 Evaluation algorithm
During this PhD thesis, an evaluation algorithm,
FLICA, has been developed to enable auto15
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4 Radiative properties of mid-latitude cirrus clouds
derived by automatic evaluation of lidar measurements
E. Kienast-Sjögren,1,2 C. Rolf,3 P. Seifert,4 U.K. Krieger,1 B. P. Luo,1,5 M. Krämer,3 T.Peter,1
1
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Now at: Fed. Office of Meteorology and Climatology, MeteoSwiss, Zurich Airport, Operation Center 1, CH-8058 Zurich,
Switzerland
3
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4
Institute for Tropospheric Research (TROPOS), Leipzig, Germany
5
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Cirrus, i.e. high thin clouds that are fully glaciated, play an important role in the Earth’s radiation
budget as they interact with both long- and shortwave radiation and determine the water vapor budget
of the upper troposphere and stratosphere. Here, we present a climatology of mid-latitude cirrus clouds
measured with the same type of ground-based lidar at three mid-latitude research stations: at the
Swiss high alpine Jungfraujoch station (3580 m a.s.l.), in Zürich (Switzerland, 510 m a.s.l.) and in
Jülich (Germany, 100 m a.s.l.). The analysis is based on 13’000 hours of measurements from 2010 2014. To automatically evaluate this extensive data set, we have developed the ”Fast LIdar Cirrus
Algorithm” (FLICA), which combines a pixel-based cloud-detection scheme with the classic lidar
evaluation techniques. We find mean cirrus optical depths of 0.12 on Jungfraujoch and of 0.14 and
0.17 in Zürich and Jülich, respectively. Above Jungfraujoch, subvisible cirrus clouds (τ < 0.03) have
been observed during 7% of the observation time, whereas above Zürich and Jülich significantly less.
From Jungfraujoch, clouds with τ < 10−3 can be observed three times more often than over Zürich
and Jülich, and clouds with τ < 2 × 10−4 even ten times more often. Above Jungfraujoch, cirrus have
been observed to altitudes of 14.4 km a.s.l., whereas only to about 1 km lower at the other stations.
These features highlight the advantage of the high-altitude station Jungfraujoch, which is often in the
free troposphere above the polluted boundary layer, thus allowing to perform lidar measurements of
thinner and higher clouds. In addition, the measurements suggest a change in cloud morphology at
Jungfraujoch above ∼13 km, possibly because high particle number densities form in the observed
cirrus clouds, when many ice crystals nucleate in the high supersaturations following rapid uplifts in
lee waves above mountainous terrain. The retrieved optical properties are used as input for a radiative
transfer model to estimate the net cloud radiative forcing, CRFNET , for the analysed cirrus clouds.
All cirrus detected here have a positive CRFNET . This confirms that these thin, high cirrus have a
warming effect on the Earth’s climate, whereas cooling clouds typically have lower cloud edges too
low in altitude to satisfy the FLICA criterion of temperatures below -38◦ C. We find CRFNET = 0.9
Wm−2 for Jungfraujoch and 1.0 Wm−2 (1.7 Wm−2 ) for Zürich (Jülich). Further, we calculate that
subvisibe cirrus (τ < 0.03) contribute about 5%, thin cirrus (0.03 < τ < 0.3) about 45% and opaque
cirrus (0.3 < τ ) about 50% of the total cirrus radiative forcing.
Citation: Kienast-Sjögren, E.,Rolf, C., Seifert, P., Krieger, U.K., Luo, B. P., Krämer, M. and Peter, T.: Radiative
properties of mid-latitude cirrus clouds derived by automatic evaluation of lidar measurements, Atmos. Chem. Phys.
Discuss., doi:10.5194/acp-2016-32, 2016. This chapter is a reproduction of the article manuscript mentioned above. The
layout of the article, the numbering of figures, tables and citations as well as the variable names have been adapted to
match with the thesis structure.
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surements can be used to establish long time

4.1 Introduction

series of aerosol or cloud measurements. From

One of the large challenges in climate modeling,

the co- and cross-polarized components of the

characterized by a low level of scientific under-

backscattered light the profile of the depolariza-

standing, are clouds and their effects on climate

tion ratio can be obtained providing information

(Dessler and Yang; 2003; Solomon et al.; 2007;

about the sphericity of the retrieved particles,

Boucher et al.; 2013). This concerns also the

and thus on their liquid or solid state. Several

microphysical processes leading to cirrus forma-

lidar stations have applied their measurements

tion. These processes are subject to uncertainties

of elastically backscattered light to investigate

in the understanding and parametrization of

the properties of mid-latitude cirrus clouds. See

homogeneous and heterogeneous nucleation (e.g.,

Table 4.1 for an overview.

Cirisan et al.; 2014). For any specific cloud scene,
unless there are in situ measurements, there is

Here we present a cirrus cloud climatology

either no or incomplete knowledge of the number

based on 13’000 hours of lidar measurements

of ice nuclei (IN), the intensity of small-scale

from three mid-latitude sites; Jungfraujoch,

temperature fluctuations or the corresponding

Zürich and Jülich. The lidar technique is briefly

accurate values of upper tropospheric humidity

described in Section 4.2.1. In Section 4.2.2, the

(e.g., Ickes et al.; 2015; Kienast-Sjögren et al.;

newly developed evaluation algorithm FLICA is

2015).

presented. Using FLICA we are able to analyze
extensive lidar measurements automatically.

Cloud properties such as cloud particle number,

The climatology of this data is presented in

size and ice particle shape determine ice water

Section 4.3. We then apply the radiative transfer

content and optical depth, which together

model of Corti and Peter (2009) to estimate the

with the temperature of the cirrus cloud top

cloud radiative forcing caused by the detected

determines whether the net cloud radiative

cirrus clouds in Section 4.4. The results are

forcing, CRFNET , is positive or negative, i.e.

compared to previous studies in Subsection

whether a particular cirrus cloud is warming or

4.4.2. The influence of the thinnest, subvisible,

cooling (Platt and Harshvardhan; 1988; Ebert

cirrus clouds on the cirrus radiative forcing is

and Curry; 1992; Lin et al.; 1998a; Chen et al.;

examined in Subsection 4.4.3. Finally, the main

2000; Corti and Peter; 2009). The fact that

findings are summarized in Section 4.5.

liquid clouds contain spherical particles helps
estimating their microphysical and radiative
properties. Conversely, the different shapes

4.2 Lidar

and orientations (Pruppacher and Klett; 1997)
of ice particles affect the extinction of light,

4.2.1 Lidar technique

complicating the estimation of the cirrus climate

This work uses the commercially available elastic

effect (Fu and Liou; 1993; Liou; 2002). Previous

backscatter lidar Leosphere ALS 450. This lidar

studies of the radiative effect of cirrus (e.g., Chen

emits linearly polarized laser pulses with an

et al.; 2000; Fusina et al.; 2007; Cziczo and

energy of 16 mJ at a wavelength of 355 nm and

Froyd; 2014) have identified a range of several

a repetition rate of 20 Hz. The full-angle field

depending on

of view of the receiver telescope and the laser

the ice crystal number in a cirrus as compared

beam divergence are 1.5 mrad and 0.3 mrad,

to having an ice-free supersaturated region.

respectively.

Lidar (LIght Detection And Ranging) mea-

The Nd:YAG laser of the ALS 450 is pow-

watts per square meter

(Wm−2 )
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Figure 4.1: Cloud detection applied to a lidar measurement from Zürich, co-polarized (left) and cross-polarized (right)
channel.

ered by a flash lamp. The flash lamp has lifetime

where βm and βp describe the backscatter from

107

shots or 694 hours or

molecules and particles and αm and αp specify

a month of continuous operation. In order to

molecular and particulate extinctions, i.e. light

save flash lamp lifetime, the ALS 450 operated

attenuation by scattering and absorption, and

at Zürich and on the Jungfraujoch was coupled

take changes of scatterer density with alti-

to a Vaisala Ceilometer CL31, which is a simple,

tude into account. Instrumental properties are

low-maintenance elastic backscatter lidar (with

described by the constant C. O(r) is the overlap

a pulse energy about three orders of magnitude

function which describes the overlap between

lower than the ALS 450). We use the ceilometer

the laser footprint and the telescope field of

to detect thick clouds at low altitudes. Once

view. For the ALS 450 the complete overlap

thick clouds are present at an altitude lower than

is achieved at a distance of 450 m from the

1 km above the station, the lidar is automatically

lidar. As we analyze cirrus clouds that occurred

switched off (this is the case at roughly 30-40%

entirely at greater heights above the lidar, we do

of the time), and it is automatically switched

not need to consider the overlap function.

corresponding to 5 ×

back on once the low-level clouds are gone. In
Jülich, where no ceilometer was available, the

The Leosphere ALS 450 measures the co-

ALS 450 was operated manually and switched

and cross-polarized components of the return

off and on after visual inspection.

signal. In order to solve equation 6.3.1 it is
required to obtain the total signal from these
detected

two components. We calculate the total signal

by the ALS 450 can be described with the

based on both channels as described by Rolf

lidar equation (Kovalev and Eichinger; 2004;

(2012).

The range-corrected signal

r2 P (r)

Wandinger; 2005):
r P (r) = CO(r)[βm (r) + βp (r)]·


exp −2

Z r
r0

[σm (r0 ) + σp (r0 )] dr0

From the detected co- and cross-polarized

(4.1)

2

signal components the depolarization ratio can
be obtained (Schotland et al.; 1971). Light that



is scattered back by non-spherical particles
changes its polarization state, whereas spherical
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particles do not change the state of polarization
of the returned light. Therefore, the depolarization ratio provides information about the
sphericity of the detected particles (Schotland

will use in our cloud retrieval algorithm. The
lidar is pointed to 5◦ off-zenith to avoid the effect
of specular reflections of horizontally oriented

1978; Westbrook et al.; 2010).

This work

in Subsection 4.2.2, we use the backscatter ratio
(BSR) defined as:
BSR =

5170

This work

For our cloud detection scheme elaborated

4678

This work, also Rolf (2012)
3274

signal and depolarization ratio (Platt et al.;

βp + βm
.
βm

(4.2)

unknowns (βm , βp , αm and αp ) and only one

355

355

To solve the lidar equation (Eq. 6.3.1) with four
355

Kim et al. (2014)
∼ 1000
532, 1064

Fréville et al. (2015)
∼ 2000
355

500

Dionisi et al. (2013)

ice crystal plates on the measured backscatter

532

Goldfarb et al. (2001); Hoareau et al. (2013)
∼ 7000
532,1064

74

Immler and Schrems (2002)

contrast than the parallel signal, a property we

measurement r2 P (r), we need to make use of

2010-2014

tities βm and αm are calculated from analysis
data of the numerical weather prediction model
(NWP) COSMO-2. We use pressure (p) and
temperature (T ) from COSMO-2 (COSMO;

3580

2010-2013
509

2011-2013
95

2006-2009
116

2008-2014
420

2007-2010
107

1997-2012
679

9-10 2000
7

126

best current knowledge. The molecular quan-

2014) to calculate the molecular density of air
(Bucholtz; 1995).

47◦ N, 8◦ E

47◦ N, 9◦ E

51◦ N, 6◦ E

37◦ N, 127◦ E

46◦ N, 3◦ E

42◦ N, 13◦ E

44◦ N, 6◦ E

56◦ N, 5◦ W

and determine βm and αm using Rayleigh theory
53◦ S, 71◦ W

42◦ N, 68◦ W

particles in thin cirrus often provides the better

355, 532

355, 532
03-04 2000

71

Sassen and Campbell (2001); Sassen and Benson (2001)
Sassen and Comstock (2001); Sassen et al. (2003; 2007)
Immler and Schrems (2002)

References

Hours
of data
2200
Wavelength
[nm]
694
Observation
Period
1986-1996
Altitude
[m a.s.l.]
1726
Location

The cross-polarized signal from aspherical ice

For the solution of Eq. (6.3.1) we use a lidar
retrieval as described in Kovalev and Eichinger

Measurement
site
Salt Lake City
USA
Punta Arenas
Chile
Prestwick
Scotland
Haute Provence
France
Rome Tor Vergata
Italy
Clermont-Ferrand
France
Seoul
South Korea
Jülich
Germany
Zürich
Switzerland
Jungfraujoch
Switzerland

Table 4.1: Lidar stations that have been used for systematic climatological studies of cirrus clouds in the mid-latitudes

et al.; 1971; Kovalev and Eichinger; 2004).

(2004). To ensure stable solutions, we use a far
end boundary condition (Klett; 1981). Further,
we need to define the extinction-to-backscatter
ratio (hereafter referred to as lidar ratio). We
derive  = 0.234, the anisotropy of the molecules
present in the atmosphere, from Eq. (6) in She
(2001) and Table 1 in Bucholtz (1995) for our
lidar wavelength of 355 nm. The lidar ratio of
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σR ,

8π 180 + 40
=
×
≈ 8.7,
3
180 + 7
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conditions, the measured apparent, multiplescattering affected extinction coefficient αpobs

(4.3)

needs to be corrected with the correction factor γ
to obtain single-scattering related values αpsingle ,

given by Eq. (6) of She (2001), is

such that

divided by the expression for σπC , provided in

αpsingle

Eq. (4) of She (2001), as the receiver opti-

αpobs
=
.
γ

(4.5)

cal bandpass spectral width of 0.3 nm (<24

We use the multiple scattering model by Hogan

cm−1

suppresses the rotational

(2008) as described by Wandinger (1998) and

Raman wing spectral contribution (Arshinov and

Seifert et al. (2007) to derive γ. The effective

Bobrovnikov; 1999). Note that our  is called

radius of the cirrus particles is taken from

RA by She (2001). The particulate lidar ratio is

a climatology provided by Wang and Sassen

defined as:

(2002). For particles much larger than the

at 28170

cm−1 )

αp
Lp =
βp

detection wavelength, as it is the case for ice

(4.4)

crystals observed with lidar, about 50% of the

Several studies have been performed to measure

scattering occurs into the forward direction. In

the particulate lidar ratio of cirrus clouds (e.g.,

this study we find an average value for γ of

Ackermann; 1998; Immler and Schrems; 2002;

0.56 for Jungfraujoch and 0.52 (0.54) for Zürich

Larchevêque et al.; 2002; Seifert et al.; 2007).

(Jülich).

It can be obtained directly from Raman lidars
that allow for an independent measurement of

The lidar retrieval poses several uncertain-

particle extinction and backscatter coefficients

ties. Using NWP-data to calculate the molecular

(Cooney; 1972; Giannakaki et al.; 2007; Radlach

properties results in a maximal error of 2 %.

et al.; 2008; Reichardt et al.; 2002; Achtert

However, there are uncertainties pertained to

et al.; 2013). In our retrieval we determine the

the data themselves. The lidar detector counts

lidar ratio such that BSR=1 above and below

photons, and we calculate the counting error by

the cirrus cloud (e.g., Rolf; 2012).

means of poisson statistics. The assumed lidar
ratio is also an error source. Here, we use lidar

The lidar equation (Eq. 6.3.1) assumes single-

ratios that deviate ±5 sr from the determined

scattering of the emitted light in the direction

lidar ratios to assess for the uncertainty caused

180◦ to the emitted direction only. In reality,

by determining a lidar ratio. To assess the total,

this is not strictly the case. As seen in Fig. 1

maximum uncertainty, we sum up the individual

in Wandinger (1998), cloud particles produce

contributions to the uncertainty. Seifert et al.

strong forward scattering. This causes some

(2007) estimated the error in the multiple-

of the scattered photons to remain within the

scattering correction in the order of 10%. The

field of view of the lidar, where they can be

signal-to-noise ratio (SNR) is determined by the

scattered back to the lidar receiver during a

variation within the 5-min-average profiles. As

subsequent scattering process. These additional

the Leosphere lidar does not allow to retrieve

backscattered photons cause an underestima-

the photon counts directly from the data, we

tion of the particle extinction. The strength

calculate the SNR from the original lidar profiles

of multiple scattering depends mainly on the

as

laser divergence, the telescope field of view and

SNR =

the effective radius of the scattering particles.

√

N·

mean(r2 P (r))
,
std(r2 P (r))

(4.6)

In order to provide extinction values that are

where mean(r2 P (r)) is the mean range-corrected

comparable to other lidar systems and cloud

signal and std(r2 P (r)) the standard deviation of
21
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the originally retrieved lidar profiles over N =

sequent lidar retrieval. Our cloud top detec-

600 shots (following a suggestion by P. Royer,

tion averages individual lidar profiles so that

Leosphere, private communication 11.8.2014).

the resolution of one pixel is 5 min in time
and 30 m in altitude. Areas of 3 × 3 pixels

4.2.2 Cirrus
FLICA

Detection

are examined, with the pixel to be checked

Algorithm

for cloudiness in the center. At least 8 of
the 9 examined pixels have to have a vol-

For an efficient evaluation of this extensive data

ume depolarization larger than 0.007(0.006)

set, the automated data evaluation algorithm

for day(night)-time measurements. At least

FLICA (Fast LIdar Cirrus Algorithm) was

8 of 9 pixels also have to have larger co-

developed. The algorithm is based on a classical

and cross-polarized raw signals than empiri-

lidar retrieval (e.g., Klett; 1981; Kovalev and

cal thresholds.

Eichinger; 2004) combined with a cloud detection

II Setting the far-end boundary condi-

scheme. FLICA analyzes profiles over 5 minutes

tion for the lidar retrieval. The mean

(i.e. averages over 5 min ×60 s/min × 20 shots/s

of the co-polarized signal at altitudes from

= 6000 shots). This time range was chosen to

detected cloud top to 500 m above cloud

be short enough to ensure that all clouds could

top is computed for each profile individually

be detected by the algorithm while long enough

and used as far-end boundary condition

to provide profiles smooth enough for the lidar

for the lidar retrieval as described in Klett

retrieval to function. The 5-min profiles of the

(1981). At this boundary, we assume a

lidar measurements are further smoothed using

BSR of 1. This assumption introduces no

a boxcar filter in the vertical coordinate over 150

error if the aerosol density above the cloud

m and 5 profiles in time to reduce the noise level

is the same as the one of the interstitial

and hence simplify the automatic evaluation by

aerosol. If these densities are different

FLICA.

we estimate from our in-situ observations
(http://www.iac.ethz.ch/groups/peter/

The output of the cloud detection scheme

research/Balloon soundings/COBALD

has been visually inspected for individual days

sensor) that the error introduced is of the

and was found not to show any apparent arti-

order of 1 - 2 %.

facts. There is a trade-off between detecting
cloud structures small enough and avoiding

III Lidar retrieval. The lidar retrieval is per-

misclassifying noise as a cloud, especially for

formed as described in Chapter 5 in Kovalev

daytime measurements. The combination of the

and Eichinger (2004) to solve the lidar equa-

criteria below represents a rather conservative

tion (Eq. 6.3.1) and calculate the extinction

approach, which might result in missing some

coefficients and BSR of the cirrus cloud. The

particularly small/thin clouds. The conservative

retrieval is performed for a set of lidar ratios

approach ensures that no noise is misclassified

(5:5:40) and the best choice was determined

as a cirrus cloud. An example of the resulting

such that BSR is closest to 1 below the cir-

cloud detection can be seen in Fig. 4.1.

rus cloud. The BSR is corrected during the
retrieval such that the mean BSR in the

The FLICA algorithm contains the follow-

range 500 m above the cloud top is equal

ing steps:

to 1.

I Cloud top detection. The cloud top is

IV Cirrus cloud detection. The cloud detec-

needed as an upper boundary for the sub-

tion scheme is based on the retrieved BSR
22
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COSMO-7 are used to calculate the radia-

and volume depolarization as follows:

tive effect of the cirrus cloud by means of

Resolution of one pixel: 5 min in time, 30 m

the model of Corti and Peter (2009).

in altitude.
Areas of 3 × 3 pixels are examined, with
the pixel to be checked for cloudiness in

4.3 Lidar cirrus climatology

the center. At least 8 of the 9 examined
pixels have to have a volume depolariza-

4.3.1 Measurement sites

tion larger than 0.007(0.006) and a BSR

Here we present the retrieved lidar cirrus cli-

larger than 1.08(1.03) for day(night)-time

matology. First, a description of the different

measurements.

measurement sites shown in Fig. 4.2 is provided.
Subsequently, we present the climatology of

Temperature has to be lower than -38◦ C to

the cirrus cloud properties. The section ends

ensure pure ice clouds (this is checked using

with a comparison of our data with previous

COSMO-2 or COSMO-7 analysis data).

mid-latitude climatology studies.

The detection is applied to each pixel at each
time independently.

Jungfraujoch

Clouds extending less than 150 m in altitude

Jungfraujoch is the highest measurement site

during daytime conditions are not further

used in this study. It is located in the Swiss Alps

taken into account (as noise-limiting mea-

(46.55◦ N, 7.99◦ E) at 3580 m a.s.l. at the top

sure), whereas nighttime clouds are allowed

of the Aletsch glacier. Due to its high elevation,

to be as thin as 3 × 30 m = 90 m.

the research station is frequently situated in the

Cloud pixels separated vertically by less

free troposphere (Zieger et al.; 2012), which is

than 150 m are merged into one cloud layer.

a great advantage for lidar measurements. The
sphinx observatory, where our measurements

The detected cloud top and cloud base, htop

took place, is one of the Global Atmospheric

and hbase , are stored.

Watch (GAW) research stations. Therefore, long
time series of meteorological measurement data

VI Multiple scattering correction. The
single-scattering

extinction

are available for this site. Due to its high location

coefficients

and cold climate, the site poses challenges for

are derived from the apparent, multiple-

instruments being able to run continuously. The

scattering affected extinction coefficients

Leosphere ALS 450 used in this study was built

as described in Section 4.2.1. We use the

into a ventilated, temperature-controlled and

multiple scattering model of Hogan (2008)

regulated containment.

as described in Wandinger (1998) and
Seifert et al. (2007).

Zürich
VII Optical depth. The optical depth τ of the

Zürich (47.37◦ N, 8.55◦ E), the largest city in

detected cirrus cloud is calculated by inte-

Switzerland, is situated in the northern part of

grating over the retrieved extinction profiles.
τ=

Z htop
hbase

αp (r)dr

Switzerland at 408 m a.s.l., within the Swiss
Plateau. The Swiss Plateau is surrounded by

(4.7)

the Alps and Jura mountains, which create a
basin through which air masses originating from

VIII Radiative effect. The optical depth τ com-

the Atlantic Ocean are funneled. Therefore, the

bined with temperatures from COSMO-2 or

predominant wind direction in Zürich is from
23
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Latitude [°]

JUL

ZRH
JFJ

Height above sea level [m]
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Longitude [°]
Figure 4.2: Location of the measurements sites Jülich(JUL), Jungfraujoch(JFJ) and Zürich(ZRH). Color-coded: Topography in COSMO-7. Black lines: National borders. Source: National Geophysical Data Center, 1993. 5-minute
Gridded Global Relief Data (ETOPO5). National Geophysical Data Center, NOAA. doi:10.7289/V5D798BF
[13.08.2015]

the southwest. Although the Swiss plateau is

in the western part of middle Germany (50.91◦

a large basin, it is still hilly. Lake Zürich is a

N, 6.40◦ E) between the larger cities Aachen and

basin itself within the Swiss plateau, and the

Köln in North Rhine-Westphalia. Due to its low

city of Zürich is situated on the lake’s northern

elevation and location close to the Netherlands,

shore. Lidar measurements were taken from the

the weather fronts arrive more or less directly

roof of ETH’s Institute for Atmospheric and

from the Atlantic Ocean without moderation by

Climate Science (IAC), which is 500 m above

orography. The terrain around Jülich is relatively

sea level and located in the middle of Zürich.

flat. The Research Center itself is located in a

Aerosol particles in and around Zürich arise from

rural area and therefore the lidar measurements

industry, transportation and housing, and the

might be less influenced by boundary layer

large airport nearby. In contrast to Jungfraujoch,

aerosol than the Zürich measurements, despite

such additional aerosol sources cause low level

nearby brown coal industry activity.

extinction of the emitted laser pulse.
Jülich

4.3.2 Cirrus Climatology

The Research Center Jülich is located 91 m a.s.l.

Following Section 4.2.2 we present the climatological evaluation of more than 13’000 hours of
24
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Table 4.2: Properties of the cirrus clouds detected between 2010-2014.

General Properties
Hours of measurements(1)
Number of cirrus detected(2)
Cirrus cloud coverage in %(3)
Low cloud coverage in %(4)
Clear sky in %(5)
Fraction of measurement time by season in %
DJF
MAM
JJA
SON
Cloud occurrence frequencies in categories according to
Sassen and Cho (1992) (expressed as fraction of ”number of cirrus detected”)
Subvisible cirrus (τ < 0.03) in %
Thin cirrus (0.03 < τ < 0.3) in %
Opaque cirrus (0.3 < τ ) in %
Mean τ (6)

JFJ

Zürich

Jülich

5170
10295
14
15
71

4678
6021
9
8
83

3274
7184
15
26
59

24
40
14
22

17
15
48
20

18
39
31
12

43
46
11

35
52
13

32
51
17

+.02
0.12−.06

+.02
0.14−.08

0.17+.02
−.08

Refers to the number of hours lidar measurements with the ALS 450. Not included are times times when the
ceilometer detected low-level clouds closer than 1.5 km.
(2)
According to the specifications of the FLICA algorithm, see Subsection 2.2.
(3)
This compares reasonably well with 11 % zonal average by Chen et al. (2000).
(4)
Refers only to clouds at least 1 km above the lidar.
(5)
As observed by the ALS 450.
(6)
Uncertainties as described in the last paragraph of Subsection 4.2.1. Mean values compare reasonably well with monthly mean values of 10-20% from ISCCP (Soden and Donner; 1994); also
http://www.gfdl.noaa.gov/ice-clouds-in-the-skyhi-general-circulation-model).
(1)

lidar measurements within the period 2010-2014

CALIPSO measurements discussed by Sassen

from the three mid-latitude measurement sites.

et al. (2008).

The main information on the measurement
statistics for the three sites is compiled in Table

The seasonal dependence of the observed

4.2. More measurements are available from

cirrus coverage is displayed in Fig. 4.3. The

Jungfraujoch and Zürich than from Jülich. For

most striking feature is the difference between

Jungfraujoch, most of the data was retrieved

the wintertime measurements in Zürich and

in the spring, whereas during the summer only

Jungfraujoch showing a cirrus coverage of

very limited data is available. In Zürich, on the

around 12%, while in Jülich this is about

other hand, a large number of the measurements

33%. This is in qualitative agreement with

took place during the summer, while the other

geographical maps of high cloud amount (cloud

seasons show similar coverage. The Jülich lidar

pressure smaller than 440 hPa) for January

was running predominantly during spring and

observed by the TIROS-N Operational Ver-

summer, while the autumn and winter data is

tical Sounder, TOVS, averaged over 8 years,

sparse. The amount of data has to be considered

1987-1995

when judging seasonal variability. The retrieved

.fr/index.php?page=clouds). For January, these

cirrus properties listed in Table 4.2, indicate a

data suggest decreasing amounts of high clouds

temporal cirrus cloud coverage between 9 and

when the air passes from the North Sea towards

15 % for all stations, agreeing well with the

the Alps. Also, a time series of 40 years of

25
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Figure 4.3: Seasonal cycle of cirrus cloud coverage for the three measurement sites. Dashed lines: annual means.

measurements of turbidity in Jülich confirm the

Sassen and Cho (1992) (cf. Table 4.2): clouds

high cloud coverage during wintertime (personal

with an optical depth τ < 0.03 are not visible

communication A. Knaps, Forschungszentrum

to the naked eye, and hence termed subvisible.

Jülich). However, there are large uncertainties

Cirrus clouds with an optical depth τ in the

in this part of our climatology, as the number

range 0.03 ≤ τ < 0.3 are termed thin, while

of hours of measurements with the Leosphere

clouds with τ ≥ 0.3 are referred to as opaque.

ALS 450 available for the Jülich winter is small

The upper limit of detection for our lidars is τ ≈

(Table 4.2), the specific winter might have had a

3, as for larger optical depths the light is almost

particularly high cirrus cloud coverage, and the

fully extinguished within the cloud. Under these

applied manual operation of the lidar might add

conditions no molecular signal from above the

bias. Another remarkable feature is that autumn

cloud can be detected (Immler and Schrems;

maximum in cirrus coverage observed above

2002), as would be required for an inversion.

Jungfraujoch. Also this feature is in qualitative

Therefore, we are not able to specify the optical

agreement with the seasonal cycle suggested

thickness of the thickest cirrus clouds. Chen

by the TOVS data set, but again interannual

et al. (2000) classified clouds with tops above

variability might be important but cannot be

440 hPa (≈ 6500 m) and optical depths larger

derived from our measurements.

than 3.6 as cirrostratus. These cirrus clouds may
have a negative cloud radiative effect CRFNET ,

The first property of interest is the distri-

but cannot be considered here because of the

bution of the optical depths of the detected

detection limits of our lidar instrument.

cirrus clouds, which we classify according to
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Figure 4.4: Optical depths of the three measurement sites. (a): Means across whole data set. (b): Seasonal cycle of
optical depth. Horizontal line in box: median. Boxes: the upper and lower quartile. Whisker: extremes. Gray
horizontal lines: Cirrus categories by Sassen and Cho (1992).

Figure 4.4b shows the optical depth of the

3400 m above Jülich. According to Eq. 6.3.1

retrieved cirrus clouds for different seasons.

the received signal depends on the inverse of

The grey dashed lines indicate the categories

the squared range between lidar and target. In

defined by Sassen and Cho (1992). The optical

addition, the Jungfraujoch is frequently above

depth averaged over the whole data sets for

the boundary layer. Therefore, measurements

each measurement site is displayed in Figure

from Jungfraujoch avoid strong beam extinction

4.4a. The occurrence frequency of subvisible

due to boundary layer aerosols.

cirrus clouds is larger for Jungfraujoch than
for the other two sites. Two reasons may be

Figure 4.5 provides vertical profiles of the

responsible for the observed differences. First,

cloud-mean signal-to-noise ratio (SNR) of the

Jungfraujoch is located in the central Alps,

three stations, where the noise is obtained from

where orography-driven lifting of air masses

Eq. 4.6. From the profiles it can be seen that the

leads frequently to mountain-wave (lenticularis)

SNR of Jungfraujoch extends to greater heights

cirrus. These clouds are thicker than large-scale

by about 3 km. This suggests that the increased

cirrus clouds, but thinner than the cirrus formed

detection rate of thin and subvisible cirrus clouds

as outflow of anvils or in warm conveyor belts.

is a result of the increased signal-to-noise ratio.

The second reason is the enhanced detectability

Furthermore, the SNR at Jungfraujoch increases

of optically thin clouds at Jungfraujoch as a

at heights above 13 km a.s.l. This suggests that

result of improved signal-to-noise ratios (SNR,

the morphology of the clouds at these heights

see Eq 4.6). The alpine site is located at an

differs from the morphology of the highest

altitude of 3500 m asl, 3000 m above Zürich and

clouds observed at Jülich and Zürich. The
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Figure 4.5: Vertical distribution of the signal-to-noise ratio of the detected cirrus clouds for Jungfraujoch, Jülich, and
Zürich. The center line of each box plot represents the median. The left and right limits of the box plots
mark the 25% and 75% percentiles, respectively.

backscattering efficiency appears to be enhanced

It is interesting to see that at Jungfraujoch

in these clouds, possibly because a large amount

the lower detection limit in optical depth of a

of small crystals formed in the observed cirrus

few times 10−5 is approached in a few cases.

clouds, when many ice crystals nucleated in the

However, by far the most subvisible cirrus stay

high supersaturations in rapid uplifts as they

clearly above τ = 10−4 proving that physical

occur in lee waves above mountainous terrain

mechanisms prevent clouds so thin to survive

(Lin et al.; 1998a;b; Kärcher; 2003).

for appreciable times. Nucleation is one such
mechanism. In case these clouds nucleate homo-

The number of detected subvisible cirrus as

geneously, this is likely to happen in nucleation

function of optical depth and cloud top altitude

bursts, which will provide the newly formed

is depicted in Fig. 4.6. As expected, Jungfraujoch

clouds immediately a minimum optical depth.

displays a larger fraction of subvisible cirrus as

The same is true for heterogeneous nucleation,

well as higher cirrus cloud tops. Therefore, we

if the nucleation barrier and the number of

have evidence for both:

nuclei are at all significant. One mechanism that
might lead to extremely low ice crystal number

(a) the advantage of location of the higher

densities is the formation of fall-streaks and

Jungfraujoch as evidenced by the ability to

subsequent dispersion of the particles. The rare

measure thinner subvisible clouds (by about

occurrence of clouds with τ < 5 × 10−4 suggests

a factor 5);

that such mechanisms do not often lead to the
formation of so thin clouds.

(b) the special conditions above Jungfraujoch
caused by orographic forcing, which affects
the morphology of the cirrus as evidenced by

To ensure that the highest cirrus clouds observed

the enhanced SNR at high altitudes.

above Jungfraujoch were not volcanic particles,
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Figure 4.7: (a) Cloud tops (in 500-m steps) at the three sites of this study as well as in Salt Lake City by Sassen and
Campbell (2001) and Haute Provence by Hoareau et al. (2013). (b) Tropopause derived from COSMO regional
weather forecast model analyses (2.2 km horizontal resolution for JFJ and ZRH, 6.6 km resolution for JUL).

we have examined satellite measurements and

present over Salt Lake City compared to the

found no indication for volcanic influences. The

other sites. Similarly, we see in Fig. 4.7b that the

effect of the high altitude of Jungfraujoch can

tropopause over Jülich, which is located further

also be seen in the cloud tops at the different

north than Zürich and Jungfraujoch, generally

measurement sites (see Fig. 4.7a). The cloud

is lower. Between Zürich and Jungfraujoch,

tops are higher above Jungfraujoch than above

the tropopause reaches similar altitudes with a

Zürich and Jülich. The retrieved cloud tops

larger spread over Jungfraujoch (possibly due to

agree well with the observations by Sassen and

the Alpine heat low affecting the Jungfraujoch

Campbell (2001) in Salt Lake City

(40◦

N,

12◦

frequently during summer time).

W, 1520 m a.s.l.) as well as by Hoareau et al.
(2013) in Haute Provence ( 44◦ N, 6◦ E, 679 m
a.s.l.).The data from Salt Lake City and from

4.4 Cirrus

Haute Provence were evaluated using evaluation

Radiative

Forcing

(CRF)

schemes differing from FLICA and differing
amongst themselves, which may influence the

4.4.1 Method of Calculation

results. However, the cloud top altitudes are

To quantify the net radiative effect, CRFNET ,

very similar for the five mid-latitude stations.

for the cirrus clouds observed here we use the

As Salt Lake City is located further south than

radiation model of Corti and Peter (2009), which

the other sites, the slightly higher cloud tops

is a simplified model based on the more sophis-

may be a result of a higher tropopause being

ticated Fu-Liou radiative model (Fu and Liou;
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15

1992; 1993). The cloud radiative forcing due to

JFJ

shortwave radiation, CRFSW , is dependent on the
surface albedo, the solar zenith angle as well as

13
Altitude [km a.s.l.]

Radiative Properties

the cirrus cloud optical depth τ (see Eq. 13 of
Corti and Peter (2009) for details). The longwave

11

cloud radiative forcing, CRFLW , is mainly determined by the temperature difference between the

9

Earth’s surface and the cirrus cloud top temperature and by the cloud optical depth τ (see

7

Eq. 6 of Corti and Peter; 2009, for details).
The net cloud radiative forcing, CRFNET , is cal-

5

culated as a superposition of these two effects

15

(i.e. CRFNET =CRFSW +CRFLW ). The following

ZRH

parameters are needed as input for the calcula-

Altitude [km a.s.l.]

13

tion of the radiative effect:
• Solar constant S

11

• Solar zenith angle Z

9

• The surface albedo α
7

• The cloud optical depth τ
• The surface temperature Tsrf

5
15

• The cloud top temperature Tcld

JUL

The values of the solar constant S, multiplied

13
Altitude [km a.s.l.]

by the fraction of the day that the sun is above
the horizon, and the mean solar zenith angle Z

11

are set to 684 Wm−2 and 60◦ (daily mean conditions with zero incoming flux at nighttime),

9

respectively, as suggested by the online version
of the radiation model (Corti and Peter; 2015).

7

This results in an incident solar flux I = 684 ×
5

Subvisible
−5

10

−4

10

−3

10

Thin
−2

−1

10
10
Optical depth

0.5 = 342 Wm−2 . The amplitude of the solar

Opaque
0

10

background noise in the lidar signal profiles is

1

used to distinguish between day and night time.

10

We use an albedo of 0.3 (corresponding to the
global average value). The cloud optical depth

Figure 4.6: Scatter plots of cloud optical depths and cloud
top altitudes for the cirrus detected above
Jungfraujoch (JFJ), Zürich (ZRH) and Jülich
(JUL). The red lines provide an indication of
the range of data accessible by the lidar measurements: AODmin = 4 × 10−5 , AODmax =
2.6, and Altmin = 5.8 km. The lower edge of
the accessible altitude is determined from T
< -38◦ C. Thicker clouds are more likely to
extend into lower, warmer levels and therefore
are more likely to be excluded from the analysis.

τ is automatically calculated in the FLICA for
5-min profiles as described in Section 4.2.2. The
temperatures needed for the radiation model (Tsrf
and Tcld ) are extracted from the COSMO-2 (for
Jungfraujoch and Zürich) and COSMO-7 (for
Jülich) model. The radiation model of Corti and
Peter (2009) is well suitable to be used with lidar
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data, as the model does not require further infor-

edge in the red boxes in Figure 6). Third, while

mation, such as ice crystal sizes or shapes, which

we count vertically distinct cirrus layers as sep-

the lidar measurements could not provide.

arate clouds, the geostationary ISCCP weather
satellites add the signal of vertically staggered
layers, which increases τ . Furthermore, it should
be noted that satellite data reveal discrepancies

4.4.2 Comparison of CRFs with previous studies

amongst themselves (ISCCP, MISR, MODIS)
with differences of 20-30% in coverage of cirrus

We compare our computational results to satel-

with τ < 3.6 (Marchand et al.; 2010). Finally,

lite data, which have been averaged zonally at

the distribution of thicker cirrus with τ > 0.3

50◦ N or globally and combined with a radiative

is zonally inhomogeneous, with clouds preferen-

transfer model (Chen et al.; 2000). The results of

tially occurring at the continental east coasts.

this comparison are listed in Table 4.3 together
with maximum possible uncertainty ranges

In our study, we want to address only cirrus

(see last paragraph of Subsection 4.2.1). The

clouds and not mixed phase clouds. Therefore,

”overcast values” (i.e. taking only cloudy values

we have chosen a conservative limit towards

into account) consider the radiative effect under

lower, thicker clouds. Also, a temperature-based

conditions with cirrus clouds, while the ”all sky

selection criterion is a better for separating

values” include also conditions without cirrus

different cloud types than a pressure-based

by considering the cirrus occurrence frequency.

criterion, because temperature is the main

While the cirrus cloud coverage at 50◦ N from the

microphysical parameter for cloud formation.

satellite-based climatology ISCCP (Chen et al.;

As ISCCP is based on the analysis of weather

2000) is similar to our observations, the ISCCP

satellite images, clouds still must have optical

category of cirrus clouds show much larger cloud

depths τ ≥ 0.2 in order to be reliably detected

radiative forcings in the short- and longwave,

by such satellites (Rossow and Schiffer; 1999).

CRFSW and CRFLW (by more than one order of

Large uncertainties can also be traced to differ-

magnitude). This can only be explained in terms

ent approaches to partly cloudy pixels, which

of a much larger optical depth τ of the clouds

are 30 km x 30 km for ISCCP and are treated as

observed by the satellites.

homogeneous, i.e. either cloud free or filled with
a thinned homogeneous cloud (Pincus et al.;

The reason for this at first sight surprising

2012)

differences are the different definitions of ”cirrus”. First, FLICA detects only clouds with lower

The overcast and all sky CRFNET are sig-

cloud edge colder than -38◦ C, which is typically

nificantly higher in Jülich than at Jungfraujoch,

above 7-8 km. Chen et al. (2000) instead used a

which is also clearly reflected in overcast and

pressure threshold of 440 hPa to separate clouds,

all sky optical depths found in the ISCCP data

which corresponds to an altitude of 6.3 km

(Soden and Donner; 1994). This may be related

(standard atmosphere). The clouds in the range

to the frequent low-pressure systems and fronts

6.3-7.5 km are missing in our study. Especially

rolling in from the northwest across the North

in this altitude range thick cirrus stratus (still

Sea. The related cirrus clouds are weaken with

with τ < 3.6). Second, although our criteria

distance from the coast.

allow for thick clouds up to τ = 3.6 at altitudes
clearly above lower edge, they cut clouds once

The effect of the optically thicker clouds

their lower edge gets warmer than -38◦ C, which

above Jülich compared to the Jungfraujoch is

is more likely for thicker clouds (see rounded
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Table 4.3: Cirrus radiative forcing at the Top of Atmosphere in Wm−2 for Jungfraujoch, Zürich and Jülich, as compared
to 50◦ N zonally averaged and globally averaged values provided by Chen et al. (2000). Small numbers in
CRF-values indicate uncertainty ranges according to the last paragraph of Subsection 4.2.1. Small numbers
in global cloud coverage indicates variability in zonal averages.

JFJ

Zürich

Jülich

50◦ N

global

14

9

15

11

13+7
−8

6.2+0.7
−3.0

10.6+1.5
−5.3

+1.4
11.0−4.9

2.0

5.4

CRFLW

7.2+1.0
−3.6

12.3+1.8
−6.1

+1.6
13.3−6.0

20.1

30.7

CRFSW

-1.0+0.5
−0.3

-1.7+0.8
−0.3

+1.1
-2.4−0.2

-18.1

-25.3

0.9+0.1
−0.4

1.0+0.1
−0.5

+0.2
1.6−0.7

0.5

1.3

CRFLW

1.0+0.1
−0.5

1.1+0.2
−0.6

+0.2
2.0−0.9

3.0

5.5

CRFSW

-0.1+0.1
−0.0

+0.1
-0.2−0.0

-0.3+0.2
−0.0

-2.5

-4.2

Cirrus coverage in %
Overcast CRFNET

All sky CRFNET

also evident in Fig. 4.8. The magenta lines indi-

although the Jungfraujoch cirrus clouds show a

cate positive (i.e. warming) cirrus cloud radiative

slightly broader distribution in optical depths.

forcing (in

Wm−2 )

as a function of altitude and

Most cirrus layers are present at 11 km a.s.l. with

optical depth calculated by the model of Corti

optical depths between 0.01(0.04) and 0.2(0.4)

and Peter (2009) with mean temperature profiles

above Jungfraujoch (in Zürich). Cirrus clouds

from COSMO-2 (Jungfraujoch and Zürich) and

above Jülich are frequent at altitudes between

COSMO-7 (Jülich) during the time period of

8 and 12 km a.s.l. with optical depths ranging

our measurements. The blue isolines indicate

from 0.02 to 0.7. This wider distribution of high

negative (i.e. cooling) cirrus radiative forcing. A

occurrence frequencies in altitude is likely related

zero net effect, CRFNET =0 is indicated by a cyan

to the high frequency of frontal systems crossing

line. Color-coded is the occurrence frequency

Jülich. The lower CRFNET above Jungfraujoch

of the cirrus clouds measured at the different

is visible in the shift towards thinner clouds

sites. The occurrence frequency is categorized

at Jungfraujoch as compared to the other two

by 40 logarithmically spaced bins in optical

measurement sites. Due to the lower SNR over

depth between

10−4

and 10 and 500-m bins in

Zürich and Jülich at cirrus altitude, these two

cloud top altitude. From Fig. 4.8 we clearly see

sites underestimate the amount of subvisible

that the cirrus clouds observed in this study

cirrus clouds as compared to Jungfraujoch.

have all a positive (warming) net radiative effect
CRFNET . It is important to note, that with the

Beside Chen et al. (2000) other studies indicate

FLICA algorithm we do not find cirrostratus

also a general net warming effect of cirrus

or cumulonimbus outflow clouds, i.e. no clouds

clouds in the mid-latitudes. Oreopoulos and

with τ > 3.6. Of course, such clouds do exist

Rossow (2011) investigated the overall cloud

also above our measurement sites. However, such

radiative forcing based on a 24 year long data

clouds always have lower edges warmer than

set from the International Satellite Cloud

-38◦ C

Climatology Project (ISCCP). For cases with

and thus are not considered.

frequent occurrence of high clouds, a positive net
The pattern of cirrus cloud occurrence is

cloud radiative forcing (warming) was obtained

quite similar above Jungfraujoch and Zürich,

whereas it was negative (cooling) for cases with
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Figure 4.8: Cloud Radiative Forcing (CRF) in Wm−2 for the different sites. Magenta/cyan/blue isolines: positive/zero/negative values in Wm−2 from the CRF model (Corti and Peter; 2009). Color coding: Occurrence
frequency of cirrus clouds as function of optical depth and cloud top altitude. First row: CRFLW . Second row:
CRFSW . Third row: CRFNET .

frequent occurrence of low-level clouds. This

where very thick cirrus clouds with a mean

confirms our results where cirrus clouds create

optical depth of 1 are observed frequently. For

a positive net radiative forcing. A case study

the other parts of China lower values of 20

of Katagiri et al. (2010) found a cirrus cloud

Wm−2 are found. The radiative forcing of the

radiative forcing of 13.2 Wm−2 at the Fukue

lateral boundary of cirrus clouds observed with

observatory

(32◦ N,

Japan) by a combination of

CALIOP is investigated by Li et al. (2014). The

MODIS satellite and ground-based observations.

lateral boundary with optical depths less than

This value is similar to what we found for

0.3 is found to have still a radiative forcing of

Zürich and Jülich and obviously larger than the

10 Wm−2 . This value is similar to our mean

respective value reported by Chen et al. (2000).

overcast radiative forcing of Zürich and Jülich

Another study of Min et al. (2010) found a

and demonstrates also the sensitivity of cirrus

radiative forcing of cirrus of 36.5 Wm−2 over

cloud inhomogeneity on cloud forcing as also

China using also CALIOP and MODIS satellite

found by Gu and Liou (2006). However, all

data. The authors ascribe the high value to

these studies investigate single cases or different

cirrus observations above the Tiberian plateau

regions compared to our study. There is no study
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which investigates the cirrus radiative forcing

clouds are the main contributors to CRFNET of

over Europe.

cirrus clouds above each of the three stations,
both by roughly equal shares (with a small
dominance of opaque clouds).

In a study of Dupont et al. (2010) cirrus
cloud observations over 2 years from the
CALIPSO satellite lidar CALIOP are compared

Jungfraujoch displays the lowest CRFNET -

to four ground based lidar stations (two sites in

values throughout the whole year. This pattern

the US and two in France) for their consistency

is also seen in the optical depths shown in Fig.

of macrophysical and optical properties. They

4.4a. Generally, thinner clouds are detected

found larger discrepancies in the frequency

above Jungfraujoch than at the other two sites.

distributions of cloud base, top and thickness.

This influences the CRFNET : as more subvisible

They point out that the significant part of

cirrus are observed at Jungfraujoch (cf. Table

the deviations can be attributed to different

4.2) and their contribution to CRFNET is smaller

sampling (seasonal, irregular sampling of ground

than the contribution by thin and opaque cirrus,

based stations, opaque low level clouds). How-

this leads to a smaller CRFNET on Jungfraujoch.

ever, they found that for high cirrus clouds the

Summing up the percentages listed in Table

optical depth distribution τ >0.1 from ground

4.2, Jungfraujoch shows a fraction of 57 % thin

stations and CALIOP is consistent within 10%

and opaque cirrus while Zürich and Jülich both

using the same retrieval method. This shows

occurrence frequencies of 65 and 68% thin and

that our optical depth distribution of all three

opaque clouds, respectively. These different sums

stations is most likely not or only less affected by

result in the CRFs listed in Table 3 (taking note

sampling issues of ground base lidar compared

of the fact that the thresholds for the cirrus

to satellite measurements. Further, we more

cloud categories (Sassen and Cho; 1992) are on

closely examined the CRFNET categorized by

a logarithmic scale).

their optical thickness τ as in Sassen and Cho
(1992).

4.5 Conclusions
We have presented a cirrus climatology based

4.4.3 Influence of subvisible cirrus on
the net radiative forcing by cirrus
clouds

on 13’000 hours of lidar measurements at the
three different mid-latitude sites Jungfraujoch,
Zürich and Jülich from 2010-2014. This exten-

Subvisible cirrus clouds generally are not con-

sive data set was evaluated using the newly

sidered in numerical weather prediction models

developed FLICA algorithm, which combines

as their optical depths are considered to be too

a pixel-based cloud detection scheme with a

small. The overcast net radiative effect CRFNET ,

classic lidar retrieval. With FLICA, the lidar

divided into the categories defined by Sassen and

data have been automatically evaluated. The

Cho (1992), is shown in Fig. 4.9. We see that the

retrieved backscatter coefficients are converted

subvisible cirrus clouds indeed have an effect on

into extinction coefficients, which are corrected

the net cirrus cloud radiative forcing CRFNET .

for multiple scattering to establish single scat-

On average they contribute about 4 % of the

tering extinction and then converted into optical

total CRFNET of cirrus clouds at Jungfraujoch

depths.

and in Zürich, and 3 % in Jülich. The maximal
effect of 6 % is reached in Zürich during spring.

We find mean optical depths of 0.12 for

As seen in Fig. 4.9, the thin and opaque cirrus

the cirrus measured over Jungfraujoch and of
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Figure 4.9: Cirrus radiative forcing under cloudy conditions, CRFNET (overcast), for the different seasons on Jungfraujoch
(blue), in Zürich (pink) and Jülich (green). Light shading: subvisible cirrus (τ < 0.03). Medium shading: thin
cirrus (0.03 < τ < 0.3). Dark shading: opaque cirrus (0.3 < τ ).

0.14 and 0.17, respectively, for Zürich and Jülich.

Corti and Peter (2009) to estimate the cloud

While the cirrus coverage over Jungfraujoch and

radiative forcing of the cirrus clouds. The optical

Jülich are almost equal, the amount of subvisible

depth as well as the cloud top temperature

clouds detected over Jungfraujoch is significantly

are the most important quantities determining

larger (cf. Table 4.2). Due to its unique location

the CRFNET , and this dependence has been

at 3580 m a.s.l., Jungfraujoch is an excellent site

displayed in Fig. 4.8. Our results clearly confirm

to measure subvisible cirrus clouds with a much

the warming effect of mid-latitude cirrus clouds

improved SNR at cirrus altitude in comparison

with optical depths below 3, corroborating

with the lower-lying stations. The mean cloud

previous studies. Using the radiation model of

tops detected were located at 10.7 km in Zürich

Corti and Peter (2009), we find a net effect of 0.9

and on Jungfraujoch and at 10.3 km in Jülich,

Wm−2 for Jungfraujoch and 1.0/1.6 Wm−2 for

consistent with previous studies of Sassen and

Zürich/Jülich. These values are larger by factors

Campbell (2001) and Hoareau et al. (2013).

of 2-3 than the 50◦ N zonally averaged CRFNET

Further, we have measured a temporal cirrus

derived by Chen et al. (2000) from satellite

cloud coverage of 9-15 % with a mean value of

measurements in combination with a radiative

13 %. This is consistent with the evaluation of

transfer model. Even stronger deviations–but

the global CALIPSO-measurements of Sassen

with opposite sign–are found for CRFSW and

et al. (2008).

CRFLW , where the zonally averaged data are
higher than our CRF by up to one order of

The evaluated cirrus cloud properties are

magnitude. This is due to different cloud defi-

used together with the radiation model of

nitions used by Chen et al. (2000) and us, and
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to the fact that the satellite-based zonal average

Jungfraujoch station. The Jungfraujoch data

includes regions with more pronounced thick

show that the lower detection limit in optical

cirrus (e.g. the continental east coasts).

depth of a few times 10−5 is approached in
a few cases, but by far the most subvisible

The actual purpose of this work is the inves-

cirrus stay clearly above τ = 10−4 . We argue

tigation of the thin (0.03 < τ < 0.3) and

that this indicates that physical mechanisms

subvisible τ < 0.03) cirrus clouds, which remain

prevent clouds to become and stay so thin for

undetected by satellites (requiring typically τ >

appreciable times. After formation, clouds will

0.2) and have so far not yet been systematically

typically grow quickly and assume higher optical

characterized in a climatological manner. The

thicknesses. Conversely, evanescent clouds–once

present study presents more than 13’000 hours of

having become so thin–will evaporate quickly,

elastic backscatter lidar data, comprising more

not leaving much time for their detection. This

than 23’000 individual cirrus clouds. Of these

leads us to speculate that the Jungfraujoch

clouds about 40% were subvisible, 50% thin,

measurements enable us to explore the very

and 10% opaque cirrus. In terms of fraction of

onset of cirrus formation and to possibly learn

cloud coverage, subvisible cirrus were observed

from the lidar measurements about the relative

during about 6%, thin cirrus during about

importance of homogeneous and heterogeneous

7% and opaque cirrus during about 1.5% of

ice nucleation.

the observation time. Seasonal variability in
cirrus coverage shows characteristic autumn
and spring maxima in agreement with satellite
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5 Sensitivities of Lagrangian modelling of mid-latitude
cirrus clouds to trajectory data quality
E. Kienast-Sjögren,1,2 A. K. Miltenberger,1,3 B. P. Luo,1 T.Peter,1
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UK.
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Simulations of cirrus are subject to uncertainties in model physics and meteorological input data.
Here we model cirrus clouds along air mass trajectories, whose extinction has been measured with
an elastic backscatter lidar at Jungfraujoch research station in the Swiss Alps, with a microphysical
stacked box model. The sensitivities of these simulations to input data uncertainties (trajectory resolution, unresolved vertical velocities, ice nuclei number density and upstream specific humidity) are
investigated.
Variations in the temporal resolution of the wind field data (COSMO-Model at 2.2 km resolution)
between 20 s and 1 h have only a marginal impact on the trajectory path, while the representation of
the vertical velocity variability and therefore the cooling rate distribution are significantly affected.
A temporal resolution better than 5 min must be chosen in order to resolve cooling rates required
to explain the measured extinction. A further increase in the temporal resolution improves the simulation results slightly. The close match between the modelled and observed extinction profile for
high-resolution trajectories suggests that the cooling rate spectra calculated by the COSMO-2 model
suffice on the selected day. The modelled cooling rate spectra are, however, characterized by significantly lower vertical velocity amplitudes than those found previously in some aircraft campaigns
(SUCCESS, MACPEX). A climatological analysis of the vertical velocity amplitude in the Alpine
region based on COSMO-2 analyses and balloon sounding data suggests large day-to-day variability
in small-scale temperature fluctuations. This demonstrates the necessity to apply numerical weather
prediction models with high spatial and temporal resolutions in cirrus modelling, whereas using climatological means for the amplitude of the unresolved air motions does generally not suffice.
The box model simulations further suggest that uncertainties in the upstream specific humidity (±10 %
of the model prediction) and in the ice nuclei number density (0–100 L−1 ) are more important for
the modelled cirrus cloud than the unresolved temperature fluctuations if temporally highly resolved
trajectories are used. For the presented case the simulations are incompatible with ice nuclei number
densities larger than 20 L−1 and insensitive to variations below this value.
Citation: Kienast-Sjögren, E., Miltenberger, A. K., Luo, B. P., and Peter, T.: Sensitivities of Lagrangian modelling of
mid-latitude cirrus clouds to trajectory data quality, Atmos. Chem. Phys., 15, 7429-7447, doi:10.5194/acp-15-7429-2015,
2015. This chapter is a reproduction of the article manuscript mentioned above. The layout of the article, the numbering
of figures, tables and citations as well as the variable names have been adapted to match with the thesis structure.
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effect by cirrus clouds is smaller than the effect

5.1 Introduction

of liquid and mixed-phase clouds situated further

Cirrus clouds are an important component of

down in the troposphere (Chen et al.; 2000;

the climate system because they influence the

Sherwood and Bony; 2014;

radiative budget by scattering solar radiation

Kienast-Sjögren

et al.; 2016). Thus, the uncertainties in the

back to space and by trapping longwave radia-

radiative forcing of clouds in climate models can

tion in the troposphere. The balance between

to a large part be attributed to uncertainties

these two mechanisms determines the overall

considering low clouds and convective mixing

radiative effect of cirrus clouds on the climate.

(Sherwood and Bony; 2014).

In general it is assumed that cirrus clouds

To

have a warming effect on climate (e.g. Chen

better

understand

mid-latitude

cirrus

clouds and their effect on climate, we need to

et al.; 2000)), but the magnitude of this effect

improve our knowledge on their formation mech-

depends strongly on the optical thickness and

anisms and to better constrain the uncertainties

cloud top temperature (e.g. Stephens et al.;

involved in cloud modelling. For this purpose,

1990; Corti and Peter; 2009). The optical

the formation of cirrus clouds has been investi-

thickness of cirrus depends on the nucleation

gated with detailed microphysical box models

properties of the pre-existing aerosols and on

applied in the case studies (or with column

the local cooling rates, which both determine

models, i.e. stacked box models, which allow

the ice crystal number density and crystal size.

sedimentation to be taken into account). The

The optical thickness further depends on the

box model simulations are usually conducted

atmospheric relative humidity profile, limiting

along backward trajectories, which provide the

the geometric thickness of the cloud. Finally,

required temperature and pressure history of the

the cloud top temperature determines the cloud

air parcels (e.g. Jensen et al.; 1994a;b; Haag and

emissivity (Platt and Harshvardhan; 1988; Ebert

Kärcher; 2004; Hoyle et al.; 2005; Comstock

and Curry; 1992; Lin et al.; 1998a; Chen et al.;

et al.; 2008; Brabec et al.; 2012; Rolf et al.;

2000). In addition, the shape and orientation of

2012; Jensen et al.; 2013; Cirisan et al.; 2014).

the ice crystals influence the radiative properties

The Zurich Optical and Microphysical Model

of cirrus clouds, but both variables are not

(ZOMM; Luo et al.; 2003a;b), the Model for

known in general and hard to determine from

Aerosol and Ice Dynamics (MAID; Bunz et al.;

measurements (e.g. Stephens et al.; 1990).

2008) and the Advanced Particle Simulation
Code (APSC; Kärcher; 2003) are some of the

While mid-latitude cirrus have been stud-

models used. Studies using these models entail

ied by several authors (e.g. Chen et al.; 2000;

a number of uncertainties in the following

Fusina et al.; 2007; Cziczo and Froyd; 2014),

quantities:

the magnitude of the positive cloud radiative
forcing remains uncertain. The microphysical

a. the trajectory path as well as the traced

processes leading to cirrus formation are not

thermodynamic fields T and p resulting

yet completely understood. Further, the coarse

either from uncertainties in the dynamic

parameterization of cirrus clouds contributes to

fields ~v or the trajectory calculation method;

the uncertainties of radiative forcing predicted

b. the representation of small-scale vertical

by climate models (Dessler and Yang; 2003;

motions leading to small-scale tempera-

Solomon et al.; 2007; Myhre et al.; 2013).

ture fluctuations (dT /dt)ss , which are not
resolved by the underlying numerical model;

We note here that the overall radiative forcing
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et al.; 2005). While temperature variations at

c. the initial specific humidity qv (t = 0);

spatial scales of several tens of kilometres can

d. simulations with homogeneous nucleation

be captured by regional NWP models, vertical

only and simulations with homogeneous

velocity and temperature fluctuations at smaller

as well as heterogeneous nucleation with

spatial scales remain unresolved due to limited

varying initial ice nuclei number densities

spatial resolution. Several studies have resorted

nIN (t = 0).

to including the unresolved vertical motions
in cirrus cloud modelling by superimposing

These uncertainties and their implications for

artificial fluctuations on the trajectory data

cirrus cloud modelling are investigated in this

(Hoyle et al.; 2005; Brabec et al.; 2012; Rolf

study.

et al.; 2012; Spichtinger and Krämer; 2013;
Cirisan et al.; 2014; Murphy; 2014; Dinh et al.;

Uncertainty (a) concerns the motion of the

2015). Amplitudes and frequency distributions

cloud-forming parcels and their thermodynamic

of the unresolved motions are typically taken

history. The calculation of the paths of these

from field measurements, which are unrelated

air parcels relies on the advection of point

to the investigation at hand. For this, most pre-

masses with the wind field predicted by a

vious studies utilized measured power spectral

numerical weather prediction (NWP) model.

densities (PSDs) of temperature, e.g from the

Accordingly, their accuracy depends on the

SUCCESS campaign (Hoyle et al.; 2005) or the

accuracy of the modelled wind fields as well as

INCA campaign (e.g. Haag and Kärcher; 2004).

the trajectory calculation method used. While

Whether these PSDs are applicable to geo-

current state-of-the-art high-resolution NWP

graphic locations and meteorological conditions

models have a sufficient resolution to resolve

other than during the measurement campaigns

mesoscale motions for instance over mountainous

remains unclear. As an alternative, NWP model

areas, the predicted wind field may suffer from

data become available at successively higher

errors in the initial and boundary conditions and

spatial resolution, but here it remains unclear

deficiencies in the model physics, particularly

which fraction of the vertical velocity variability

regarding parameterized processes. Uncertainties

is actually explicitly resolved by the NWP model

due to the trajectory calculation method are

and in the derived trajectory data.

mainly linked to the applied integration method
and the spatial and temporal interpolation of

Uncertainty (c) limits the accuracy of the

the wind field to the actual parcel location (e.g.

relative humidity of an air parcel. The humidity

Stohl; 1998). Previous studies have shown that

is usually retrieved from state-of-the-art NWP

excessive temporal interpolation can strongly

models, although with large uncertainties in the

affect the resulting trajectories (e.g. Stohl et al.;

upper troposphere (Kunz et al.; 2014). As ice

1995; Stohl et al.; 2001). However, the impact

nucleation occurs at a certain ice supersatu-

of these uncertainties on cirrus cloud modelling

ration, humidity errors can lead to significant

has received little attention so far.

shifts in the onset of ice nucleation as well as in
the number of nucleated ice crystals (Dinh et al.;

Uncertainty (b) relates to the cooling rate

2015).

in the very moment of the nucleation event,
which influences the number of nucleated ice

Finally, uncertainty (d), i.e. the lack of knowl-

crystals and thus determines the cirrus morphol-

edge on ice nuclei number density nIN in the

ogy (Lin et al.; 1998b; Kärcher and Ström; 2003;

investigated air parcel, affects the results of

Haag and Kärcher; 2004; Koop; 2004; Hoyle
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cirrus cloud modelling. Ice nuclei, whose number

initial humidity and ice nuclei number density

densities are typically between 10 and 100 L−1

within their respective uncertainty range on the

(per standard litre) (DeMott et al.; 2010), lead to

modelling results for the same case study.

heterogeneous nucleation on solid particles such
as dust and ash (Pruppacher and Klett; 1997;
Kärcher and Lohmann; 2003; Wiacek et al.;

5.2 Methods and data

2010; Cziczo et al.; 2013; Cziczo and Froyd;
2014). Heterogeneous nucleation results in cirrus

5.2.1 Lidar measurement

with lower number densities than homogeneous

The cirrus cloud measurements used in this

nucleation in metastable solution droplets (Lin

study were conducted with an elastic backscat-

et al.; 1998a; Koop et al.; 2000; Kärcher and

ter lidar (light detection and ranging; Leosphere

Ström; 2003). In addition, the nucleation mode

ALS-450). This commercial Lidar emits laser

determines the ice supersaturation at which

pulses with a wavelength of 355 nm, a repetition

the nucleation starts (Koop et al.; 2000; Koop;

rate of 20 Hz, and an average pulse energy

2004), and thus the location of nucleation onset.

of 16 mJ. It detects attenuated backscatter,

Knowledge of nIN is available only under the

both in parallel and perpendicular polarization,

special conditions of concomitant aircraft-borne

enabling a determination of the sphericity and

ice nuclei measurements.

thus the physical state of the scattering particles
(Schotland et al.; 1971; Kovalev and Eichinger;

In general, the uncertainties discussed above

2004; Zieger et al.; 2012).

also pertain to the modelling of cirrus clouds
with Eulerian models, except for the uncertainty

The lidar was situated at the high-alpine

in the trajectory path (a). Several studies have

research station Jungfraujoch at 3580 m above

addressed these uncertainties in individual

sea level (a.s.l.) in the Swiss Alps. Jungfraujoch

case studies in Lagrangian and Eulerian mod-

enables lidar measurements of the highest

elling frameworks (e.g. Jensen et al.; 1994b;

quality due to its unique location above the

2013; Hoyle et al.; 2005; Cirisan et al.; 2014;

polluted boundary layer. The high altitude also

Muhlbauer et al.; 2014a;b). Most studies have

shortens the distance between the lidar and the

focused on the role of different representations

scatterer, which further improves the quality

of ice nucleation and small-scale temperature

of the range-corrected attenuated backscatter

fluctuations, while the impact of the temporal

signal. The retrieved signal can be described

resolution of the trajectory data (not relevant

using the following lidar equation (Ansmann

for Eulerian studies) and forecast errors in the

et al.; 1992; Kovalev and Eichinger; 2004):

initial moisture content has so far received less
attention.

r2 P (r) =


In this study we investigate the representa-

C[βm (r)+βp (r)] exp −2

tion of small-scale temperature and vertical

where

velocity fluctuations in the COSMO-2 model

r2 P (r)

Z r
0

(5.1)

[σm (r0 ) + σp (r0 )] dr0



describes the range-corrected

signal detected by the lidar, βm and βp denote

and along trajectories computed with wind fields

the backscatter coefficient by the molecules and

at different temporal resolutions between 20 s

particles, respectively, and αm and αp specify

and 1 h for a lidar measurement case study

molecular and particulate extinction coefficient

above Jungfraujoch in the Swiss Alps. We

at the range r above the lidar. The constant

further analyse the impact of variations in the

C describes instrumental properties such as
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Figure 5.1: Lidar measurement at Jungfraujoch on 22 November 2011. Colors: aerosol extinctions retrieved from measured
backscatter.

the calibration and overlap functions. The

taken into account uncertainties in the lidar

molecular backscatter and extinction coefficients

signal itself (due to statistical uncertainty in

are calculated using COSMO-2 analysis data of

the counting of photons), uncertainties in the

pressure and temperature. We will compare the

assumption of lidar ratio, and uncertainties in

model results with the lidar measurements in

the molecular properties retrieved from COSMO-

terms of the cloud extinction coefficient, because

2 analysis data. The measurement uncertainties

the simulated extinction coefficient can be

pertain only to the absolute extinction value.

calculated directly from the surface area density

However, the vertical position of the cloud,

of the simulated particles from the microphysical

which is most important for the comparison with

box model ZOMM. The extinction coefficient

the model results, is not subject to measurement

is related to the backscatter coefficient via the

uncertainties (e.g. Fig. 5.8 below).

“lidar ratio” (i.e. the ratio between optical
extinction and 180◦ backscatter at the laser

Figure 5.1 shows the lidar measurements of

wavelength). We use a lidar ratio of 20 sr−1 .

22 November 2011 used in the current study. On

This value was determined as the most suitable

this day an almost persistent cirrus cloud cover

using a lidar inversion with both a far-end and

is observed over Jungfraujoch from 04:00 UTC

near-end boundary condition (Klett; 1981).

onwards. The cirrus cloud had a vertical extent

Using the lidar inversion described in Kovalev

of about 1.5 km with the cloud top located at

and Eichinger (2004), the particulate backscatter

approximately 11.5 km a.s.l. For the investigation

ratio and extinction coefficient are determined.

in this paper we focus on 09:00 UTC. For the

The profiles are corrected for multiple scattering

comparison to the modelling results we use

using the model of Hogan (2008) by the method

the mean extinction profile in a 20 min interval

described in Wandinger (1998) or Seifert et al.

around 09:00 UTC. While the observations

(2007).

show an almost constant height of the cloud
top and bottom during this time period, the

In the evaluation of the lidar data we have

measured extinction varies somewhat during this
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time interval. This, however, does not influence

Microphysical

processes

are

parameterized

our conclusions as for the modelled extinction

by the standard single-moment scheme with

profiles variations in the extinction are almost

five hydrometeor classes operationally used

always coupled to changes in cloud height.

in the model (Reinhardt and Seifert; 2006)

The optical depth of the cirrus cloud during

(which is replaced by the comprehensive ZOMM

the considered time interval was 0.06, which

microphysics in the subsequent trajectory cal-

is classified according to Sassen and Comstock

culations, Sect. 5.2.5). The time step for the

(2001) as a thin cirrus, on the limit to subvisible

model simulation is 20 s. The model output is

(τ < 0.03).

available either as Eulerian fields at a temporal
resolution of 5 min or directly along online
calculated trajectories at a temporal resolution

5.2.2 Numerical model data

of 20 s (Sect. 5.2.4). In order to obtain the best

5.2.3 Eulerian model setup

possible representation of the real atmospheric
conditions, observational data routinely used

The non-hydrostatic, regional numerical weather

for the COSMO analysis by MeteoSwiss was

prediction model COSMO (Baldauf et al.; 2011)

used for nudging of the simulation (based on the

was used to predict the motion of the air masses,

method of Schraff; 1996; 1997).

in which the observed cirrus cloud forms. The
simulations were performed for the time period

The

between 12:00 UTC on 20 November 2011 and

predicts

was observed by the lidar (not shown). While

tion covers the area between approximately 42.7

this indicates a suitable representation of the

and 49.6◦ N and 0 and 17◦ E. In the vertical we

thermodynamic conditions in the model, the

use a Gal-Chen hybrid coordinate system with

rather coarse vertical resolution of the model

60 levels, which provides an average vertical

in the upper troposphere with only three levels

resolution of 388 m.
of

simulation

same time and altitude range at which it

resolution of 2.2 km. The domain of the simula-

spacing

model

an ice-phase cloud above Jungfraujoch in the

12:00 UTC on 22 November 2011 at a spatial

The

COSMO-2

between 10.5 and 11.0 km may hamper the
levels

gradually

representation of processes with small vertical

increases

scales. The vertical resolution is increased to

from 13 m close to the model surface to 1190 m

100 m by vertical interpolation (see Sect. 5.2.4)

at the model top (23 km). For the initial and

for the ZOMM simulations. This allows a better

boundary conditions we used the operational

representation of cloud microphysical processes.

analysis of the Swiss weather service at 6.6 km

The upstream moisture profile, gravity wave

horizontal resolution. The topography was

amplitudes and phases are presumable not

filtered with a fourth-order low-pass filter based

adversely affected by the interpolation, because

on Raymond (1988), resulting in a cut-off of

these fields are rather smooth over the considered

orographic features at approximately 4∆x. In

height interval.

addition the impact of sub-grid-scale orography
on the drag and gravity wave generation is
parameterized based on Lott and Miller (1997).

5.2.4 Trajectory Data

In the simulation turbulence, soil processes, radiation and shallow convection (Tiedtke scheme)

The wind fields from the COSMO-2 model

are all parameterized. Deep convection is not

simulation described above were used offline to

parameterized as it is explicitly resolved.

calculate air mass trajectories at temporal resolutions between 1 min and 1 h with LAGRANTO
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(Wernli and Davies; 1997). These trajectories

trajectories over Jungfraujoch at the right time

are referred to in the following as “offline

and at a reasonable vertical spacing. For the

trajectories”. In addition, a new module of the

analysis we consider only air parcels travelling

COSMO-2 model was used which allows for

through a column of 0.01◦ × 0.01◦ geographic

trajectories to be calculated during the model

extent centred at Jungfraujoch (i.e. roughly

integration (Miltenberger et al.; 2013). This

1 km × 1 km), which results in 9793 trajectories

novel method makes use of the wind fields at

(about 0.5 % of all trajectories). This includes

every Eulerian model time step (here: 20 s) and

a subset of 354 trajectories which pass over

therefore provides very accurate and temporally

Jungfraujoch between 08:50 and 09:10 UTC,

highly resolved trajectories. These are referred

the period chosen for closer comparison with

to as “online trajectories”.

the lidar measurements. Above Jungfraujoch,
these selected online trajectories have a vertical
spacing varying between 86 and 124 m. with a

Offline trajectories

mean of 100 m. Temperature, pressure, specific
These have been calculated in the standard

humidity, vertical velocity and ice water content

manner as backward trajectories, based on the

are traced along the trajectories.

conventional COSMO-Model output fields. The
backward trajectories start above Jungfraujoch
between 8 and 12 km altitude with a spacing of

5.2.5 Microphysical box model ZOMM

100 m at 09:00 UTC on 22 November 2011. The

In

wind fields were taken from the COSMO-2 model

order

to

investigate

the

microphysical

evolution of the cirrus cloud observed above

output of the nudged simulation either at hourly

Jungfraujoch, we use the microphysical box

or at 5 min temporal resolution. When hourly

model ZOMM (Zurich Optical and Microphys-

wind fields were used (i.e. ignoring 11 of the 12

ical Model), which was previously developed

output fields at 5 min resolution), the trajectory

to investigate polar stratospheric clouds (e.g.

integration time step was chosen as 5 min, and

Luo et al.; 2003b; Engel et al.; 2013) and cirrus

the trajectory output was made available every

clouds (e.g. Luo et al.; 2003a; Hoyle et al.; 2005;

5 min. For the 5 min COSMO-2 model output

Brabec et al.; 2012; Cirisan et al.; 2014).

fields (nudged forecast), the trajectory integration time step was 1 min. Trajectory output is

ZOMM is forced with thermodynamic data

used at 5 and 1 min intervals.

(T , p) from the trajectories and is initialized
with the COSMO-2 model humidity at the

Online trajectories

trajectory starting point. ZOMM takes uptake
and release of water vapour by ice crystals

Online trajectories can only be computed

as well as solution droplets into account. For

forward in time. In the COSMO-Model simu-

further details on ZOMM we refer the reader

lation, trajectories were started every 15 min

to Sect. 3.4 in Cirisan et al. (2014). We treat

between 21:00 UTC on 21 November and

ice nucleation as pure homogeneous nucleation

00:00 UTC on 22 November 2011 along the

of metastable solution droplets based on Koop

western domain boundary at a horizontal

et al. (2000) or, alternatively, with additional

spacing of 0.02◦ and with a vertical spacing

heterogeneous nucleation on solid particles such

of 25 m at altitudes between 8 and 12 km.

as dust or ash as suggested by Marcolli et al.

This gives a total of 1 964 200 trajectories.

(2007) for Arizona Test Dust.

This large number is required to get enough
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5.3 Evaluation method for simu-

ation we used ice nuclei concentrations of 10,

lations

20, 50 and 100 L−1 (per volume of ambient
air). These concentrations cover the range of

We compare the cirrus clouds modelled along

free-tropospheric background ice nuclei number

different trajectory data sets to the cirrus cloud

densities at mid-latitudes, typically ranging

observed by lidar above Jungfraujoch. For this

between 10 and 30 L−1 (Haag and Kärcher;

comparison we calculate the extinction from the

2004; DeMott et al.; 2010).

surface area density in the ZOMM model output.
We chose to analyse the extinction (instead of

We ran the box model along offline back-

the backscatter) as it can be directly calculated

ward trajectories and online trajectories derived

from the surface area of the nucleated particles.

from the nudged COSMO-Model simulation.

The backscatter ratio requires an assumption

The microphysical box model is run forward in

about the aspect ratio of the ice particles to

time for all trajectory data sets. Sedimentational

use the T-matrix method to solve the Maxwell

fluxes from higher to lower level parcels are

equations describing 180◦ scattering of light by

taken into account by ZOMM. The total water

non-perfectly spherical particles (Mishchenko

in the level is increasing due to sedimentation

et al.; 2010). Extinction, in turn, is much less

from the level above and decreasing due to

sensitive to shape effects.

sedimentation to the lower level. The ice particles falling from the level above will grow and

SAL metric.

decrease the supersaturation if the air mass is
supersaturated, and vice versa. ZOMM uses

To compare the simulated and the mea-

a log-normal size distribution. It is initialized

sured extinction profiles, an objective evaluation

with 100 logarithmically spaced size bins. The

measure is needed: one option is to use bulk error

number and radius of each size bin is allowed to

measures such as the root-mean-squared error

change during the model run.

or the logarithmic error measure introduced by
Cirisan et al. (2014). These measures allow a

We assume 250 cm−3 sulfate particles. Their

point-by-point comparison between the profiles,

sizes are distributed log-normally with a mode

but they do not allow a more thorough analysis

radius of 0.05 µm and a sigma of 1.4. In the

of the reason for any forecasting deficiency.

model, we apply a dynamic time step. The

Therefore we use the SAL error measure intro-

composition of liquid solution will change by a

duced by Wernli et al. (2008) and adopt it to

maximum of 0.1 % in the nucleation regions and

our 1-D profiles.

1 % for other regions during one time step. By its
nature, the model does not account for vertical

The SAL consists of three different compo-

or horizontal shear of the trajectories. This is

nents: the first term, structure S, compares the

an approximation that ZOMM shares with all

shape of the formed cloud, e.g. whether there

column models. This might be acceptable given

is a very narrow cloud or a cloud with a large

that the cloud observed by lidar on 22 November

vertical extent. S can take values between −2

2011 above Jungfraujoch extended over many

and 2. The cloud is predicted to have a larger

hours and has a comparable small geometrical

(smaller) vertical extent than in the observations

thickness, though there is significant wind shear

if S is positive (negative). The second term,

in the upper troposphere during the considered

amplitude A, quantifies the error in terms of

case study (Sect. 5.4.1).

under- or overestimating the measured cloud
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extinction, regardless of the vertical position of

the horizontal is observed. In addition, there are

the cloud. A can take values between −2 and

significant differences in travel speeds between

2; A = 1(A = −1) when the modelled average

online and offline trajectories. The spread and

extinction is larger (smaller) by a factor of 3 than

the different travel speed on the air parcels can

the observed extinction. Finally, the location L

be problematic for column microphysical models,

describes the error in the vertical position of the

because these models do not take horizontal or

centre of mass of the cloud. L can take values

vertical shear into account. This may lead to

between 0 and 2, where L = 2 means that the

significant errors as sedimenting ice crystals may

cloud occurs at the top of the vertical profile in

enter lower trajectories at unrealistic times.

one data set and at the bottom in the other. In
a perfect forecast, all three components (S, A,

If only trajectories relevant for the observed

L) are equal to zero.

cirrus cloud are considered, i.e. those arriving
between 10.5 and 11.5 km a.s.l., the spread is
somewhat reduced (yellow to orange colours

5.4 Trajectories and cooling rates

in Fig. 5.2). More importantly, the simulation

5.4.1 Air mass origin and path

results show that the air parcels most crucial for
the formation of the observed cirrus cloud are

The origin of the air masses, in which the

not affected by ice crystals falling out of higher-

measured cirrus cloud forms, is crucial for

level parcels (Fig. 5.6 later). Accordingly, these

process understanding and modelling, because it

parcels can be considered as decoupled from the

controls the amount of water vapour available

trajectory stack and therefore as unaffected by

for condensation and the potential degree of

any assumptions on horizontal and temporal

ice supersaturation. In particular, the path of

alignment for the sedimentation treatment. The

the air parcel determines the location and time

evaporation of the ice crystals in lower parcels

of the first nucleation event via controlling the

may, however, be affected by the treatment of

supersaturation and the number of nucleating ice

sedimentation, as crystals from earlier nucleation

crystals via controlling the cooling rate during

events modify the specific moisture content in

nucleation.

these parcels (Fig. 5.6 later).

The path of the air parcels which arrived

The horizontal travel path of online and

above Jungfraujoch at the time the cirrus

offline trajectories is rather similar. In the 10 h

cloud was observed is shown in Fig. 5.2. The

prior to arrival at Jungfraujoch, paths deviate

trajectories shown in the left panel are based

by less than 100 km. In the vertical the paths

on wind fields at a temporal resolution of 5 min,

of online and offline trajectories are also very

while the right panel shows online trajectories,

similar, with a maximum vertical deviation of

i.e. based on 20 s wind field data. The colour bar

about 500 m. Despite the overall similarity of

indicates the altitudes at which the trajectories

the trajectory paths, some distinct differences

arrived at Jungfraujoch on 09:00 UTC on 22

particularly in the vertical path can be observed:

November 2011.

for instance, the most northerly trajectory from
the online and offline data set show a very similar

In general parcels arriving at altitudes between

geographical path but reach Jungfraujoch at

8 and 12 km above Jungfraujoch are located

different altitudes, 500 m apart. Ten hours before

just north of the Massif Central 10 h earlier and

reaching Jungfraujoch, the two trajectories are

approach the Alps from a northwesterly direc-

almost at the same location. Their horizontal

tion. A significant spread of the trajectories in
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Figure 5.2: Offline (left) and online (right) trajectories arriving above Jungfraujoch at 09:00 UTC on 22 November 2011.
Offline trajectories: based on 5 min wind field data. Trajectory lengths: plotted for 10 h or until they leave
the domain. Colour coding: trajectory altitude upon their arrival above Jungfraujoch. Thick contours: Swiss
border as well as coast of the Mediterranean Sea. Grey contour lines: topography from the COSMO-2 model.

winds are very similar, but their vertical winds

Cirisan et al.; 2014), because the cooling rate

differ significantly. The online trajectories ascent

in the very moment of the nucleation event

strongly by 300 m about 2 h before reaching

affects the nucleation rate (in particular for

Jungfraujoch. The offline trajectories, on the

homogeneous nucleation). These temperature

other hand, display a slight descent in the same

fluctuations remain largely unresolved in state-

time period (not shown). These differences have

of-the-art NWP models due to their limited

a considerable impact on the cirrus formation,

spatial resolution.

as they display very different cooling rates (see
below).

With ∆x = 2.2 km horizontal grid spacing,
only

waves

with

wavelengths

larger

than

According to the rather similar horizontal

4∆x = 8.8 km can be resolved. Recent studies

and vertical location of the source region, the

have shown that the effective model resolution is

specific water vapour concentration 10 h before

typically even somewhat lower, depending on the

arrival at Jungfraujoch is almost identical in the

treatment of turbulence and numerical diffusion:

different trajectory data sets (not shown). The

Bierdel et al. (2012) find an effective model

initial moisture content of trajectories arriving

resolution of about 4–5∆x for the COSMO-2

at around 9 km a.s.l. is about

80 mg kg−1

and

model domain over Germany (COSMO-DE),

decreases almost linearly with elevation to about

while Skamarock (2004) finds an effective resolu-

10 mg kg−1

tion of about 7∆x for WRF simulations during

at 12 km a.s.l.

the BAMEX campaign. Here we continue to
assume a resolution of 4∆x, which for stationary

5.4.2 Temperature fluctuations

waves and air parcels travelling with velocities

Small-scale temperature fluctuations have been

between 10 and 50 m s−1 (typical for the middle

shown to be very important for cirrus cloud

and upper troposphere) corresponds to wave

formation (e.g. Hoyle et al.; 2005; Brabec et al.;

periods between 2.9 and 14.7 min. In order to

2012; Rolf et al.; 2012; Engel et al.; 2013;
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Figure 5.3: Power spectral densities (PSDs) of the temperature calculated for trajectories arriving above Jungfraujoch at
09:00 UTC at 10.0–11.5 km, where the cirrus cloud was observed by the lidar. Grey lines: PSDs of individual
20 s online trajectories. Red line: average of the online trajectories. Orange: online trajectory with superimposed temperature fluctuations. Light green: offline trajectories based on 5 min model output, interpolated
to 1 min resolution. Dark green: based on 1 h model output, interpolated to 1 min. Dark blue: offline trajectories based on 5 min COSMO-2 model output. Light blue: offline trajectories based on 5 min COSMO-2
model output with superimposed small-scale temperature fluctuations. Purple: offline trajectories based on
1 h model output. Coloured vertical lines: Nyquist frequency for each specific temporal resolution. Black
solid curve: PSD derived from aircraft data sampled during the SUCCESS campaign. Black dashed curve:
same but for the MACPEX campaign. Dashed vertical line: maximum frequency that can be resolved on
the COSMO-Model grid given the finite horizontal resolution and the mean horizontal velocity along the
trajectories (fmax = 17.4 m s−1 /(4 × 2.2 km) ≈ 2 × 10−3 s−1 ). Dashed-dotted vertical line: cut-off frequency
using 8∆x as effective model resolution.

correctly represent all waves resolved by the

trajectory steps) has been used extensively in

Eulerian model in the trajectory data, at least

past investigations, and it has been shown that

four points are required during the wave period.

the interpolated data provide cooling and heat-

This requires a temporal resolution of 44 s to

ing rates which are in much better agreement

3.7 min depending on the travel speed.

with 5 min based data sets than trajectory data
providing only the hourly trajectory data (see

In stark contrast, most trajectory calcula-

Appendix C of Brabec et al.; 2012). This suggests

tion tools rely on NWP model output at a

that interpolating trajectory data is actually a

temporal resolution between 1 and 6 h. Calcu-

microphysically sensible procedure, because the

lating trajectory data at the required temporal

interpolated trajectory points pick up the high

resolution calls for massive temporal interpola-

spatial resolution of the underlying Eulerian

tion of the wind fields. Such interpolation (e.g.

grid, including orography and weather systems,

from 1-hourly Eulerian output fields to 5 min

even when the temporal storage is only hourly.
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Horizontal winds chase the air parcels faster

almost all frequencies that can be represented

across this texture than the texture changes

on the Eulerian grid. Online trajectories cover

itself as function of time (Brabec et al.; 2012).

even a larger frequency range. Accordingly,

Nevertheless the required temporal interpolation

trajectory data based on NWP simulations with

can introduce significant errors in wave ampli-

∆x = 2.2 km should be used at a temporal

tude and phase, in particular when trajectories

resolution of at least 5 min.

pass through non-stationary waves. A new
trajectory calculation tool is available which

For comparison to our model data we use

mitigates the problems introduced by temporal

the high-resolution temperature data from the

interpolation of wind field data by using the wind

SUCCESS campaign, which took place over

fields at each Eulerian model time step for the

the central and western United States (Toon

trajectory calculation (Miltenberger et al.; 2013).

and Miake-Lye; 1998), and from the MACPEX
campaign, which took place mainly over the Gulf

The mean power spectral density of temperature

of Mexico and the south-eastern United States

fluctuations is shown in Fig. 5.3 for trajectories

(Rollins et al.; 2014). Both campaigns show

based on wind fields at a temporal resolution

significantly higher intensity for all frequencies,

of 20 s (red curve), 5 min (blue curve) and 1 h

as will be further analysed below.

(green curve). Displayed are also trajectories
with a temporal resolution of 1 min, which have
been interpolated from 5 min and 1 h COSMO-2

5.5 Vertical velocity fluctuations

model output. While the PSDs are overall very

A different, though related, question is the

similar, it is clear that increasing the temporal

quality of the representation of small-scale

resolution increases the spectrum of resolvable

fluctuations in the Eulerian model itself. This

waves to larger frequencies. As discussed above,

can be assessed by comparing the PSD of the

waves with a wavelength smaller than 4∆x

model to PSDs measured during field campaigns

cannot be resolved on the Eulerian grid, which

in the upper troposphere. For comparison to

corresponds to wave frequencies higher than

our model data we use the vertical velocity

about 2 × 10−3 s−1 using the average horizontal

data from SUCCESS (Toon and Miake-Lye;

velocity of 17.4 m s−1 along the trajectories

1998) and MACPEX (Rollins et al.; 2014) and

(vertical black dashed-dotted line in Fig. 5.3).

furthermore from the ALPEX campaign carried
out over the Alps (Kuettner and O’Neill; 1981).

Waves with slightly larger wavelength also
suffer from amplitude and phase errors in the

In a dry atmosphere the PSD of vertical

Eulerian model up to about wavelengths of 8∆x

velocities is directly linked to the occurring

(corresponding frequency indicated by vertical

cooling rates by the dry adiabatic lapse rate;

dashed line in Fig. 5.3). From comparison of

however, it is not directly related to the tem-

these limiting frequencies to the frequencies

perature PSD. The PSDs of the vertical velocity

resolved in the trajectory data, it becomes

from SUCCESS, MACPEX, ALPEX and our

clear that an hourly temporal resolution is

COSMO-2 model simulation are shown in

completely insufficient to capture the temper-

Fig. 5.4. The PSDs of the model simulation

ature variability represented on the Eulerian

and the SUCCESS/MACPEX data show a very

grid (only frequencies up to about 10−4 s−1

different power density even for very low frequen-

can be resolved). In contrast, trajectories based

cies, which should not be affected by the grid

on 5 min wind field data are able to represent

resolution of the model: the COSMO-2 model
48

Mid-latitude cirrus properties from lidar measurements

Microphysical Modeling

2

10

1

10
PSD [m2 s−1]

0

10

−1

10

−2

10

−3

10

−4

10

−5

10

−6

10

online mean
SUCCESS
MACPEX
ALPEX quiet (Ecklund et al. 1985)
ALPEX active (Ecklund et al. 1985)

−4

10

−3

10
frequency [s−1]

−2

10

Figure 5.4: Power spectral density (PSD) of the vertical wind calculated from online trajectories (grey) passing above
Jungfraujoch at 09:00 UTC between 10.0 and 11.5 km. Red curve: average of online trajectories. Solid and
dashed black lines: PSDs of vertical velocities measured during SUCCESS (Toon and Miake-Lye; 1998) and
MACPEX (Rollins et al.; 2014), respectively. Blue dashed and dashed-dotted lines: data from the ALPEX
campaign for active and quiet days, respectively (Kuettner and O’Neill; 1981).

shows an almost constant PSD of 5 m2 s−1 for

Ecklund et al. (1985) for different meteorological

frequencies between 10−3 and 10−4 s−1 , whereas

situations during ALPEX. The PSDs observed

the PSDs during SUCCESS and MACPEX

during ALPEX for active and quite days are

varied between 10 and

100 m2 s−1

for the same

shown by the blue lines in Fig. 5.4. Active

frequency range.

days have been characterized by strong surface
winds (mistral), while the horizontal wind

To understand the differences in the mesoscale

velocities are rather small during quiet days.

range it is important to note that the model

MACPEX and SUCCESS PSDs resemble the

simulations and the SUCCESS and MACPEX

ALPEX PSD during active days. Conversely,

measurements took place at different geographic

the low-frequency PSD of the COSMO-2 model

locations and under different meteorological con-

resembles the PSD for quiet days during the

ditions. Mesoscale gravity waves may be excited

ALPEX campaign. This resemblance agrees with

by a number of different phenomena, including

the meteorological situation over central Europe,

flow over topography, fronts, convection, large

which on 22 November 2011 was dominated by

wind shear and jet streams (e.g. Nastrom and

a high-pressure system over eastern Europe.

Fritts; 1992; Fritts and Nastrom; 1992), and
their vertical propagation depends on the state

To further assess the representation of ver-

of the atmosphere, particularly the low-level

tical velocities w in the COSMO-2 model, we

stability (e.g. Nastrom and Fritts; 1992). The

investigated 71 balloon soundings conducted

spread between the power spectral densities

from Payerne and the vicinity of Zurich in the

observed during SUCCESS and MACPEX and

years 2010–2014 (see green dashed histogram in

those simulated for the cirrus case study corre-

Fig. 5.5). We follow the work by Gallice et al.

sponds to the variation in the PSD observed by

(2011), who showed that information on air ver-
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Figure 5.5: Normalized distribution (df /dln w2 ) of hourly mean values of w2 . Blue and red: aircraft measurements during
SUCCESS and MACPEX, respectively. Solid green line: daily mean w2 in the COSMO-2 analysis for the
Alpine region for the time period from 2010 to 2014. Dashed green line: distribution of vertical winds for 71
balloon soundings from Zurich and Payerne (Switzerland). Orange bar: mean vertical wind along the online
trajectories on 22 November 2011. Yellow bar: mean w2 along offline trajectories on an active day analysed
in Appendix 5.8.

tical motion, w, can be derived from the ascent

we used hourly domain-averaged (COSMO-2,

rate of sounding balloons. The deviation of the

i.e. Alpine region) values of w2 at altitudes

observed ascent of a sounding balloon from the

between approximately 7 and 9 km. Both data

one expected in vertically quiet air, as derived

sets are depicted together with the SUCCESS

from a detailed treatment of the balloon motion,

and the MACPEX campaign data in Fig. 5.5. w2

is caused by the vertical motion of the air (w).

values derived from the COSMO-2 analysis and

w can be estimated in a much simplified manner

the balloon sounding agree very well, showing

by subtracting a 500 s running mean (boxcar

w2 in the range 10−3 to 2 m2 s−2 . This range

over 500 one-second GPS measurements), which

corresponds very well to previous observational

approximately represents the ascent of the

data reporting w2 between 0.005 and 0.4 m2 s−2

balloon in quiet air (Cirisan et al.; 2014), from

(Gage et al.; 1986a;b). In contrast, only w2 val-

the original ascent data of the sounding balloons.

ues larger than about 0.02 m2 s−2 were observed
during the SUCCESS and MACPEX cam-

We cannot derive PSDs from sonde mea-

paigns. The reason for this discrepancy remains

surements since sondes measure the vertical

unclear, but it is possible that SUCCESS and

wind only along quasi-vertical paths in very

MACPEX sampled mainly active periods, while

limited regions. Rather, for comparison we con-

the balloon data set covers quiet and active days.

structed a COSMO-2-based climatology of the
squared vertical velocity amplitudes w2 over the

We conclude from this comparison that the

Alpine region for the years 2010–2014. For this

COSMO-2 model is able to simulate a reason-
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able climatological distribution of w2 , though w2

spectral density from the trajectory data at

of individual days may be underestimated due

a frequency of 8 × 10−4 s−1 (Fig. 5.3). The

to the missing sub-grid-scale vertical motions.

high-frequency part of this scaled PSD is

The power density at the unresolved frequencies

then Fourier-transformed using 20 different

is much lower than at

random-phase time series, resulting in 20 dif-

smaller frequencies and hence has only a small

ferent small-scale temperature series, which

impact on the

are subsequently superimposed on the origi-

higher than

10−3 s−1
w2

distribution in Fig. 5.5.

nal temperature series. The resulting PSD of
A future study should perform an in-depth

temperature along the trajectories is shown in

evaluation of the model performance on a

Fig. 5.3 by the orange (online trajectories) and

day-by-day basis using vertical velocity mea-

light blue line (offline trajectories based on 5 min

surements. The mean

wind field data).

w2

over the Alpine region

for the day thoroughly analysed in this paper
is indicated by an orange line in Fig. 5.5:
compared to the climatological distribution, this

5.6 Cirrus cloud modelling

day clearly belongs to the very quiet days. In

Using the microphysical box model ZOMM

addition, w2 of an active day is shown by the

forced by time series of (p,T ) from the intro-

yellow line. This active day is further discussed

duced trajectory data sets, we assess the implica-

in the Appendix.

tions of temporal resolution (Sect. 5.6.1), smallscale temperature fluctuations (Sect. 5.6.2), ini-

The comparison of the w PSD from the

tial moisture content (Sect. 5.6.3) and the num-

COSMO-2 model simulations and from ALPEX

ber of available ice nuclei (Sect. 5.6.4) for the

suggests that the spectral densities up to a

modelled cirrus cloud properties. We evaluate the

frequency of about 6–8 ×10−4 s−1 are well

modelling results against lidar measurements of

represented along online trajectories. This is

extinction profiles above Jungfraujoch.

approximately the frequency range in which
power density biases due to the spatial resolution
of the COSMO-2 model would be expected to be

5.6.1 Influence of the temporal resolution of the trajectory data

small. Higher frequency fluctuations, which may
affect cirrus cloud formation, are, however, not

The ice water content and ice crystal number

represented in the trajectory data and have to

density simulated by ZOMM are shown in

be added artificially. To tackle this issue, we take

Figs. 5.6 and 5.7 for different trajectory data

an approach that is similar to previous studies

sets: the upper row shows simulations results

dealing with this issue (e.g. Hoyle et al.; 2005;

using directly the online trajectory data (right

Brabec et al.; 2012; Rolf et al.; 2012; Engel

panel) and offline trajectories at a temporal

et al.; 2013; Cirisan et al.; 2014): High-frequency

resolution of 1 min (middle panel) and 5 min

temperature fluctuations which are constructed

(left panel). Both offline trajectory data sets

from a measured PSD are superimposed at

have been computed with wind field data at

random phase on the trajectory’s temperature

a temporal resolution of 5 min. The different

time series.

lines in each panel display the vertical position
of each trajectories in the 10 h prior to their

To construct proper small-scale temperature

arrival at Jungfraujoch (at the right edge of

fluctuations the mean PSD of the MACPEX

each panel), while the colour coding shows the

and SUCCESS campaign is fitted to the power

modelled ice water content (Fig. 5.6) or the ice
51

Mid-latitude cirrus properties from lidar measurements

5 min

1 min

Microphysical Modeling

20 s

Lidar
40

12
20

10
9

10

8 Without (dT/dt)
ss
7

5

12

z [km]

11

qi [ppmv]

z [km]

11

2.5

10
9
8
7

1
With (dT/dt)ss
1

3
5
7
Time [UTC]

9

1

3
5
7
Time [UTC]

9

1

3
5
7
Time [UTC]

0 0.1 0.2
Ext. [km−1]

0

Figure 5.6: Vertical position of the trajectories displayed as a function of the time prior to their arrival at Jungfraujoch at
09:00 UTC (right edge of each panel). Colour coding: ZOMM simulations of the ice water content qi in ppmv.
First column: offline trajectories with a temporal resolution of 5 min. Second column: offline trajectories
with a temporal resolution of 1 min. Third column: online trajectories (20 s temporal resolution). Upper
row: simulations along trajectories based directly on COSMO-2 model output. Lower row: simulations with
small-scale temperature fluctuations superimposed on the original temperature time series. All simulations:
assuming nucleation to be only homogeneous, and with initial humidity reduced by 5 % with respect to the
COSMO-2 model value.
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crystal number density (Fig. 5.7).

SAL metric

Both figures show results from simulations

The extinction profiles from the three sim-

with homogeneous nucleation only and a slightly

ulations are shown by the blue lines in Fig. 5.9.

reduced initial moisture content compared to

The model extinction profiles compare well

the COSMO-2 model data (95 %), as no cirrus

with the extinction profile retrieved from the

cloud occurs above Jungfraujoch in simulations

lidar measurement (black lines) in terms of the

using the unmodified initial moisture content.

amplitude as well as in the vertical positioning

The lower rows in both figures show simulations

of the cloud for trajectory data at a temporal

with superimposed small-scale temperature fluc-

resolution of 20 s and 1 min (Fig. 5.9b and

tuations and will be discussed in the next section.

c). Accordingly, the location, amplitude and
structure error in the SAL metric are small

nucleation

for all simulations (see orange upward-pointing

event about 7–8 h before the arrival at Jungfrau-

triangles in Fig. 5.10 below). In contrast, no

joch, but all ice particles formed in this event

cloud forms above Jungfraujoch in simulations

sediment out before the air parcel reaches

with trajectories with 5 min temporal resolution

Jungfraujoch (Fig. 5.6). In the model runs

(Fig. 5.9a).

All

simulations

display

a

first

using trajectories with a temporal resolution of
1 min and 20 s (left and middle panel), a second
nucleation occurs about 2 h before the arrival at

5.6.2 Influence of small-scale temperature fluctuations

Jungfraujoch. The ice crystals nucleated in this
event reach Jungfraujoch at altitudes between

Small-scale temperature fluctuations, which are

10.5 and 11.5 km, which corresponds to the

not resolved in the NWP model, can modify

observed cloud height in the lidar measurements

the cooling rate at the time of nucleation and

(Fig. 5.1), as also shown by the rightmost panels

therefore alter the number of nucleated ice

in Figs. 5.6 and 5.7.

crystals in case of a homogeneous nucleation
event. To assess the impact of these tempera-

The ice water content and the ice crystal

ture fluctuations we superimposed additional

number density is slightly larger in simulations

temperature fluctuations which are derived

based on online trajectories (labelled 20 s in

from measurements during the SUCCESS and

Figs. 5.6 and 5.7). A closer examination of

MACPEX campaigns on the original trajectory

this nucleation event shows that the nucleation

temperature series (Sects. 5.4.2 and 5.5).

occurs slightly earlier in the online trajectories
data set. Accordingly, the cooling rates are

The influence of this modification of the

slightly higher and the nucleation events lasts

temperature series on the microphysical evolu-

longer due to a longer time period in the updraft.

tion can be seen by comparing the upper and

The reason for these differences is likely the small

lower rows of Figs. 5.6 and 5.7. The influence

differences in the removal of water vapour after

on the corresponding extinction profile is shown

the first nucleation event and slight temporal

by the grey lines in Figs. 5.8 and 5.9 (compare

shifts in the ascent of the parcel related to the

with green line). From these figures it is obvious

different temporal resolution of the wind fields.

that the added temperature fluctuation have a

The important second nucleation event does

significant impact on the modelled extinction

not occur in simulations using trajectories at a

profiles if trajectories are used at minute-scale

temporal resolution of 5 min.

temporal resolution. They can modify the
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Figure 5.8: Extinction profiles above Jungfraujoch at 09:00 UTC on 22 November 2011 calculated by ZOMM along
offline trajectories with a temporal resolution of 5 min (a) and 1 min (b), and along online trajectories
with a temporal resolution of 20 s (c). All simulations assume homogeneous nucleation only. Thick black
line: measured lidar profile. Thin black lines: measurement uncertainty, i.e. uncertainties in the lidar signal,
the assumption of lidar ratio and the molecular properties retrieved from COSMO-2 analysis data. Different
colours: calculated profiles for simulations with modified initial specific humidities qv (t = 0) of the trajectories.
Grey lines: simulations of the reference run (100 % qv (t = 0)) with 20 different sets of superimposed small-scale
temperature fluctuations.

1 min

5 min

20 s

Altitude [km a.s.l.]

Altitude [km a.s.l.]

12

11

10

9

(a)
8
0

Lidar (LR=20 sr)
Lidar uncertainty
ZOMM hom
ZOMM hom T−fluc
ZOMM het 10 IN L−1
ZOMM het 20 IN L−1

(b)
0.1

0.2

0.3

0

Extinction coefficient [km−1]

ZOMM het 50 IN L−1

(c)
0.1

0.2

0.3

Extinction coefficient [km−1]

0

ZOMM het 100 IN L−1

0.1

0.2

0.3

0.4

Extinction coefficient [km−1]

Figure 5.9: Extinction profiles as in Fig. 5.8 but assuming different ice nuclei number densities and an initial humidity
qv (t = 0) of 5 % lower than the value derived from the COSMO-2 model. Reference run (without heterogeneous
ice nucleation): identical to the simulation shown by the cyan line in Fig. 5.8. Grey curves: simulations of
homogeneous run with superimposed small-scale temperature fluctuations.

amplitude of the extinction signal as well as the

identical. This issue needs to be addressed in a

vertical position of the cloud.

future study.

However, for online trajectories the super-

SAL metric

imposed

temperature

fluctuations

have

no

significant influence on the modelled extinction

In terms of the SAL metric, the influence

profile (Fig. 5.9c). The physical reason for

of the additionally superimposed small-scale

the strongly different impact of superimposed

temperature fluctuations particularly influences

temperature fluctuations for online trajectories

the amplitude of the modelled extinction profile

and 1 min trajectories is not evident from our

(open and filled symbols in Fig. 5.10 below). In

analysis as the temperature PSDs, and the initial

general, the location and shape of the cloud (L

conditions for both trajectory sets are almost

component) is not positively affected by adding
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small-scale temperature fluctuations. Consistent

extinction profiles and to decreasing importance

with the previous discussion, the impact is

of the unresolved small-scale temperature fluctu-

largest for simulations with a small temporal

ations holds for any initial humidity modification

resolution of the trajectory data.

investigated. However, the differences between
simulations with different initial humidities are
very large. While all terms in the SAL metric
are influenced by changes in the initial humidity,

5.6.3 Influence of variations in the initial moisture content

the impact on the cloud location is particularly
large (Figs. 5.8 and 5.10).

As it is known that the moisture content in
weather prediction models is very uncertain
in the upper troposphere (Kunz et al.; 2014),

5.6.4 Influence of the ice nuclei number
density

simulations with different specific humidity at
the trajectory starting points were performed.
We used initial humidities between 90 and 110 %

An additional uncertainty in modelling the

of the values calculated by the COSMO-2 model.

microphysical evolution of cirrus clouds is the
potential presence of ice nuclei (IN). These

The extinctions resulting from these sensi-

can affect the microphysical evolution as they

tivity runs are shown in Fig. 5.8 (assuming

influence the supersaturation and temperature

homogeneous nucleation only). Offline trajecto-

required for nucleation. Further, IN can lead to

ries with a temporal resolution of 5 and 1 min are

a reduction of the nucleated ice crystal number

displayed in panels a and b. Simulations using

density, which may affect the sedimentation

online trajectories are displayed in panel c. For

velocity of the ice crystals and hence the total

the simulations using online trajectories, all runs

water content of the respective air parcel.

except the 100 and 105 % cases display a cloud at
the right altitude with very good agreement with

We performed simulations including heteroge-

the measured extinction profiles. For the 1 min

neous nucleation on different IN concentrations.

offline trajectories, enhanced humidity produces

Significant differences can be observed between

clouds at altitudes that are too low because of

the results from these simulations even for a

nucleation occurring too early and subsequent

single trajectory data set (Fig. 5.9). The general

sedimentation of the formed ice crystals.

finding is that simulations with 0, 10 or 20 IN L−1
show good agreement with observations, with

For the offline trajectories with a temporal

differences amongst each other smaller than

resolution of 5 min, the variation in the initial

uncertainties due to unresolved small-scale

humidity leads in almost all cases to a disap-

temperature fluctuations and smaller than

pearance of the cloud (Fig. 5.8a). Using offline

uncertainties in the observations. Conversely,

trajectories with a temporal resolution of 1 min

simulations with more than 20 IN L−1 do not

(Fig. 5.8b) results in profiles similar to the ones

provide good agreement with observations.

using online trajectories.
In the case of online trajectories (20 s) the
almost complete loss of extinction for IN con-

SAL metric

centration of 100 L−1 is due to fast evaporation
temporal

of ice crystals once they enter the subsaturated

resolution of the trajectory data leads to better

region below about 10 km a.s.l. The evaporation

matches between the observed and modelled

timescale strongly depends on the relative

The

conclusion

that

increasing
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Figure 5.10: SAL for ZOMM simulations with modified initial moisture content (colours), different nucleation modes
(filled symbols) and with additional superimposed small-scale temperature fluctuations (coloured lines and
open symbols). Open symbols: best and worst prediction in terms of the SAL metric from the 20 runs with
different superimposed small-scale temperature fluctuations. Left column: SAL for offline trajectories with
a temporal resolution of 5 min. Middle column: SAL for offline trajectories with a temporal resolution of
1 min. Right column: SAL for online trajectories.

humidity, which is likely not very robust in

The similarity of the extinction profiles for the

our simulations due to the effect of previous

simulations with only homogeneous nucleation

nucleation events on the moisture content on

and those with low IN concentrations is linked

lower level parcels. As discussed in Sect. 5.4.1,

to the very fast sedimentation of the ice crystals

these modifications of the moisture content

forming in the early phase of the simulated 10 h

depend on the treatment of sedimentation and

time period. The very fast sedimentation of

assumptions on temporal and horizontal align-

the ice crystals allows for multiple nucleation

ment of the parcels. These assumptions may not

events along the trajectory, and these gradually

hold for the present case due to the comparably

remove all IN from the air parcel. Hence, the

large horizontal spread of trajectories. For the

last nucleation leading to the cloud present at

1 and 5 min offline trajectories the evaporation

arrival above Jungfraujoch is formed exclusively

is much slower, leading to larger extinction

by homogeneous nucleation.

values between 9.5 and 10 km altitude (red
lines in Fig. 5.9a, b). Slight differences in the

The simulations using offline trajectories at

vertical paths between the trajectory data sets

5 min resolution (Fig. 5.9a) show a very different

contribute additionally to the variation in the

behaviour for the simulation with 10 L−1 : the

evaporation timescale, as these also impact the

formed cloud sediments out before reaching

relative humidity.

Jungfraujoch and no second nucleation event
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occurs. Using the offline trajectories without

small-scale temperature fluctuations, (iii) small

superimposing temperature fluctuations, the

perturbations to the specific humidity at the

model produces a cloud only when assuming

trajectory starting points (±10 %), and (iv) dif-

an IN concentration of

20 L−1 .

ferent ice nuclei concentrations.

For simulations

using IN concentrations larger than

50 L−1 ,

clouds only exist at lower levels. However, if we

The temporal resolution of the wind field

use offline trajectories with a temporal resolution

data has a pronounced impact on vertical veloc-

of 1 min, the model results again resemble those

ities and therefore the temperature variability

using online trajectories (Fig. 5.9b).

captured in the trajectory data. To capture
most of the variability that is represented in
NWP models with a horizontal grid spacing of

SAL metric

2.2 km, trajectory data should be used at least
While there is clearly a strong impact of the

at a 5 min temporal resolution. For the cirrus

assumed nucleation mode and the IN number

cloud investigated in this study, the modelled

density on the microphysical evolution, its influ-

extinction profile matches very well with the

ence may vary in a non-linear fashion with other

observations if trajectory data are used at a

uncertainties, such as variations in the initial

temporal resolution of 1 min or higher and wind

humidity. This also becomes clear from the SAL

field data at a resolution of 5 min or higher.

analysis shown in Fig. 5.10: the comparison of
different symbols with the same colour indicates

Vertical

velocity

fluctuations

occurring

at

no consistent improvement for a single nucle-

highest frequencies are not resolved in state-of-

ation mode in any of the three error components.

the-art numerical weather prediction model due
to the finite grid resolution. Yet, these high-

Similar to the experiments with modified

frequency fluctuations may alter the cooling

initial moisture content, the assumed IN number

rates locally and thus influence ice nucleation

density does not affect the conclusions on the

events. To investigate the impact of the unre-

importance of small-scale temperature fluctu-

solved fluctuations, we superimposed the missing

ations and increasing temporal resolution of

frequencies of the temperature fluctuations,

the trajectory data. Adding small IN number

which are derived from observed power spectral

densities (≤ 20 L−1 ) has little effect on the

densities of temperature fluctuations from the

simulated extinction profiles for trajectories with

SUCCESS and MACPEX campaigns, onto the

50 L−1

original temperature series. (The observational

or more significantly deteriorates the position,

PSD are scaled to the model PSD at the cut-off

amplitude and structure of the cloud (Figs. 5.9

frequency to obtain a continuous PSD.)

a high temporal resolution, while adding

and 5.10).
The influence of these superimposed temperature
fluctuations is significant for trajectories with
a temporal resolution of 5 min and successively

5.7 Conclusions

decreases for trajectories with a temporal res-

An analysis of the uncertainties involved in

olution of 1 min and 20 s. While the modelled

Lagrangian cirrus modelling has been presented.

extinction profile for trajectory data at 20 s

The investigated sensitivities include the effects

temporal resolution matches the observations

of (i) the temporal resolution of the trajectory

very well even without superimposed small-scale

data and of the underlying wind fields (20 s

temperature fluctuations, the superposition is

to 1 h), (ii) the superposition of unresolved
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essential for modelling of the cirrus cloud along

absolute values of saturation with respect to ice.

trajectory data with at temporal resolution of 1

We observe significant changes in the modelled

or 5 min.

cirrus cloud properties and microphysical evolution if the initial specific humidity is varied by

In the Appendix we show that the imposed

±10 % of the model value. For high-resolution

small-scale temperature fluctuations have a

trajectory data (5 min or better), the sensitivity

significant impact on the cirrus clouds both for

of the modelled cirrus cloud to perturbations

the quiet and active periods, i.e. with strongly

in the parcel’s humidity are generally larger

different

w2 ,

than the sensitivity to small-scale temperature

using 1 h wind data and 1 min

fluctuations.

trajectory temporal resolution (Fig. 5.14). Even
for a regional model with 2.2 km resolution, the
superposition of small-scale temperature fluctu-

Finally, for the cirrus cloud investigated in

ation should be considered in cirrus simulations.

this study, only a weak sensitivity with respect
to ice nuclei number density is found – i.e.

In

order

to

obtain

physically

very small changes of the modelled extinction

meaningful
some

profile occur if the ice nuclei number density

assumptions about the shape and amplitude of

is raised from 0 to 20 L−1 . This insensitivity

the power spectral density of the vertical velocity

is related to the occurrence of two nucleation

and temperature are required. A comparison of

events along the trajectories, which leads to the

the PSD and amplitudes of the vertical velocity

sedimentational removal of ice nuclei by the

predicted by the COSMO-2 model for the

first cloud. Conversely, if the ice nuclei number

present case study shows significant differences

density is increased further to 50 or 100 L−1 ,

to observational data from the SUCCESS and

the modelled extinction profile cannot repro-

MACPEX campaigns, which have been used

duce the observation. The cirrus clouds either

previously to superimpose small-scale temper-

disappear completely or are located at much

ature fluctuations. Significant differences in

lower altitude than in the homogeneous case,

the wave energy occur even for low-frequency

as the fewer but larger ice particles sediment

waves with wavelength on the order of 100 km,

more quickly (see Fig. 5.9). Also, in a case with

which should not be affected by the grid res-

dynamically active conditions as treated in the

olution. However, the modelled PSD agrees

Appendix, the calculated extinction coefficients

well with those observed during quiet days in

using IN concentrations of 50 or 100 L−1 are too

the ALPEX campaign. Further indication of a

small compared to measurements (Fig. 5.14),

large day-to-day variability of

is provided

even when small-scale temperature fluctuations

by the analysis of balloon sounding data from

are superimposed. Thus, heterogeneous ice

the Alpine region. A climatological analysis of

number densities of 50 L−1 or more appear to

w2 in the COSMO-2 analysis suggests that the

be very unlikely. The major fraction of the ice

model can capture the entire range of observed

particles originate from homogeneous nucleation.

small-scale

w2 .

temperature

fluctuations,

w2

However, future studies should perform an

in-depth evaluation of the model capability to

Lagrangian

cirrus

cloud

modelling

shows

predict the vertical velocity PSD for different

large sensitivities to all investigated factors.

regions and large-scale meteorological conditions.

However, the order of their importance can vary
from case to case. The presented case study of

The specific moisture content at the start-

an isolated temporally persistent cirrus cloud

ing point of each trajectory determines the

with rather small horizontal extent may only
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be representative for cirrus cloud formation

the case study presented in this paper, shows

under some specific conditions. In addition, the

significantly lower amplitudes than measurement

wave activity on the investigated day is clearly

data from either the SUCCESS or the MACPEX

below the climatological average. Therefore we

campaign (Figs. 5.4 and 5.5). As discussed in

present a case with dynamically more active

Sect. 5.5, this is likely related to the synoptic-

conditions in the Appendix. For the active

scale situation over central Europe on this

day, the modelled cirrus clouds shows different

particular day. A statistical analysis of w2 from

responses to modifications of the initial humidity

71 balloon soundings and the COSMO-2 model

and the assumed ice nuclei number density:

analysis suggests a reasonable performance of

variations in both parameters lead in general to

the COSMO-2 model in a climatological sense

a variation in the optical thickness of the cloud,

(Fig. 5.5), but it remains unclear how the NWP

while they also affected the vertical location of

models perform on a day with w2 in the upper

the cloud on the quiet day. Similar to the quiet

range indicated in Fig. 5.5. To analyse this

day, simulations with ice nuclei number density

further, we investigate 12 March 2012, which is

are found to be inconsistent

an “active day” featuring a cirrus cloud above

with the observations. The best match with

Jungfraujoch, and compare the wind fields from

the observed extinction profile is obtained for

the COSMO-2 analysis at hourly resolution.

an increased initial moisture content. A high

Based on these wind fields, backward trajec-

sensitivity of Lagrangian cirrus cloud modelling

tories from Jungfraujoch were calculated with

to initial humidity was also found by Dinh et al.

LAGRANTO, using the LAGRANTO output

(2015) in simulations for cirrus clouds in the

with an interpolated 1 min temporal resolution.

in excess of

20 L−1

tropical tropopause layer.
During this active day, strong northeasterly
While the use of high-resolution trajectory

flow against the Alps occurred (Fig. 5.11), which

data is shown to be mandatory for cirrus cloud

resulted in high gravity wave activity. The tra-

modelling, there are significant uncertainties tied

jectories pass through a strong updraft zone at

to the specific humidity and ice nuclei number

approximately 22:00 UTC (Fig. 5.12), which has

density, turning cirrus cloud modelling into a

a significant impact on the ice supersaturation

challenging task with many non-linearly linked

and accordingly on the location of first ice

uncertainties. The representation of small-scale

nucleation. The PSD of temperature also shows

temperature fluctuations remains an issue for

significantly larger values at small frequencies

cirrus cloud modelling, particularly due to the

than the quiet day analysed in the main part of

large day-to-day variations in the wave activity,

the paper (Fig. 5.13).

but the results presented here indicate that
high-resolution numerical weather prediction

The power spectral density for this case

models are capable to capture these variations.

agrees very well with the measurements from

A careful consideration of these uncertainties

SUCCESS and MACPEX. This confirms that

is necessary before any conclusion about the

the amplitude of the temperature fluctuations

formation of a cirrus cloud can be drawn.

at smaller frequencies is dependent on the wave
activity (and the presence of convection), which
varies with the synoptical-scale situation. The
variation seems to be reasonably captured by

5.8 Appendix: An active day

high-resolution numerical models.

A comparison of the vertical velocity distribution
which is predicted by the COSMO-Model for
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Figure 5.11: Path of the trajectories arriving at Jungfraujoch on 12 March 2012 at 03:00 UTC.
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Figure 5.12: Ice water content from the ZOMM simulation along the trajectories.

On the chosen active day a cirrus cloud

ice nucleation occurs always towards the end

was observed by the lidar on Jungfraujoch. The

of the rapid ascent of the trajectories around

formation of this cirrus cloud was modelled

23:00 UTC (Fig. 5.12). About 1 h before reaching

with the ZOMM model based on the described

Jungfraujoch, the air parcels start to descend,

trajectory data set. In these simulations the

which causes some of the nucleated ice particles
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Figure 5.13: Power spectral density of the temperature calculated for trajectories arriving above Jungfraujoch as compared to the SUCCESS and MACPEX campaigns. Green line: PSD for quiet case on 22 November 2011
(identical to Fig. 5.3). Purple line: active case on 12 March 2012 discussed in the Appendix.
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ducting the COBALD soundings and providing

and 60 ppmv is simulated for this case. As a

operational sonde data. Thanks to Andrew Huis-

comparison, maximum values of around 20 ppmv

man and Laura Revell for proofreading and pro-

were obtained for the quiet case. A comparison

viding valuable input. This work was funded by

of the modelled and observed extinction profiles

GAW-CH as well as through ETH research grant

above Jungfraujoch is shown in Fig. 5.14: from

ETH-38 11-1.

this comparison it becomes evident that the
upper cloud edge is not represented well in
any simulation. While the superposition of
small-scale temperature fluctuations, variation
in the initial moisture content, and the ice nuclei
number density significantly alter the absolute
extinction value, they have little impact on the
position of the modelled cirrus cloud.
As the cirrus cloud formation in this case
is largely determined by the strong ascent
several hours before the arrival at Jungfraujoch,
the small-scale temperature fluctuations have
less impact on the extinction profile than on
the quiet day. One effect that might explain
the underestimated extinction in this case is
the radiative dynamical effects, which were not
considered in this study. Radiatively induced
updrafts and water vapour flux convergence
could help to maintain the cirrus cloud and
produce an optically thicker cloud as well as a
higher cloud top (Dinh et al.; 2010; Schmidt
and Garrett; 2013). It would be interesting to
investigate whether the position error reduces if
trajectories are calculated at a higher temporal
resolution. The trajectory calculation should be
particularly sensitive to the temporal resolution
of the wind field data if large spatial and
temporal gradients of the vertical velocity are
present.
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from MeteoSwiss for their assistance in performing nudged COSMO-Model runs. In addition we
62

Mid-latitude cirrus properties from lidar measurements

CLACE 2010

6 Spatial variation of aerosol optical properties around the
high-alpine site Jungfraujoch (3580 m a.s.l.)
P. Zieger,1 E. Kienast-Sjögren,2 M. Starace,3 J. v. Bismarck,3 N. Bukowiecki,1 U. Baltensperger,1 F.
G. Wienhold,2 T.Peter,2 T. Ruhtz,

3
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Paul Scherrer Institute, Laboratory of Atmospheric Chemistry, 5232 Villigen, Switzerland 2 Institute for Atmospheric
and Climate Science, ETH Zurich, 8092, Zurich, Switzerland 3 Institute for Space Sciences, Freie Universität Berlin,
12165 Berlin, Germany 4 Federal Office of Meteorology and Climatology, 1530 Payerne, Switzerland 5 Department of
Geography, University of Bern, 3012 Bern, Switzerland 6 Empa, Swiss Federal Laboratories for Materials Science and
Technology, 8600 Dübendorf, Switzerland ∗ Now at: CERFACS, 31057 Toulouse, France. E-mail of corresponding author:
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This paper presents results of the extensive field campaign CLACE 2010 (CLoud and Aerosol Characterization Experiment) performed in summer 2010 at the Jungfraujoch (JFJ) and the Kleine Scheidegg
(KLS) in the Swiss Alps. The main goal of this campaign was to investigate the vertical variability
of aerosol optical properties around the JFJ and to show the consistency of the different employed
measurement techniques considering explicitly the effects of relative humidity (RH) on the aerosol
light scattering. Various aerosol optical and microphysical parameters were recorded using in-situ and
remote sensing techniques. In-situ measurements of aerosol size distribution, light scattering, light
absorption and scattering enhancement due to water uptake were performed at the JFJ at 3580 m
(a.s.l.). A unique set-up allowed remote sensing measurements of aerosol columnar and vertical properties from the KLS located about 1500 m below and within the line of sight to the JFJ (horizontal
distance of approx. 4.5 km). In addition, two satellite retrievals from the Spinning Enhanced Visible
and InfraRed Imager (SEVIRI) and the Moderate Resolution Imaging Spectroradiometer (MODIS)
as well as back trajectory analyses were added to the comparison to account for a wider geographical context. All in-situ and remote sensing measurements were in clear correspondence. The ambient
extinction coefficient measured in-situ at the JFJ agreed well with the KLS-based LIDAR (Light
Detection and Ranging) retrieval at the altitude-level of the JFJ under plausible assumptions on the
LIDAR ratio. However, we can show that the quality of this comparison is affected by orographic
effects due to the exposed location of the JFJ on a saddle between two mountains and next to a large
glacier. The local RH around the JFJ was often larger than in the optical path of the LIDAR measurement, especially when the wind originated from the south via the glacier, leading to orographic
clouds which remained lower than the LIDAR beam. Furthermore, the dominance of long-range transported Saharan dust was observed in all measurements for several days, however only for a shorter
time period in the in-situ measurements due to the vertical structure of the dust plume. The optical
properties of the aerosol column retrieved from SEVIRI and MODIS showed the same magnitude and
a similar temporal evolution as the measurements at the KLS and the JFJ. Remaining differences are
attributed to the complex terrain and simplifications in the aerosol retrieval scheme in general.
Citation: Zieger, P., Kienast-Sjögren, E., Starace, M., von Bismarck, J., Bukowiecki, N., Baltensperger, U., Wienhold,
F. G., Peter, T., Ruhtz, T., Collaud Coen, M., Vuilleumier, L., Maier, O., Emili, E., Popp, C., and Weingartner, E.:
Spatial variation of aerosol optical properties around the high-alpine site Jungfraujoch (3580 m a.s.l.), Atmos. Chem.
Phys., 12, 7231-7249, doi:10.5194/acp-12-7231-2012, 2012. This chapter is a reproduction of the article mentioned above.
The layout of the article, the numbering of figures, tables and citations as well as the variable names have been adapted
to match with the thesis structure.
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et al.; 2011; Pahlow et al.; 2006). Concerning

6.1 Introduction

the type of closure study, one often differentiates

Atmospheric aerosols impact Earth’s climate by

between a column and local closure (Russell

scattering and absorbing incoming solar radia-

and Heintzenberg; 2000). In a local closure,

tion and thus influence the Earth’s global energy

measurements at a distinct place (e.g. from a

budget (Trenberth et al.; 2009). Precise mea-

common sampling line) are being compared and

surement of aerosol properties are essential to

tested against model calculations. In a column

develop and evaluate aerosol optical, microphys-

closure, vertical profiles of aerosol properties are

ical and transport models, which are required

compared to integrated values retrieved e.g. from

to improve our understanding on the impact

satellite retrievals or ground-based columnar

of aerosols on climate (Ghan and Schwartz;

measurements.

2007). However, a thorough quantification of the
direct and indirect aerosol effects on the Earth’s

This study presents the results of a com-

radiative budget is difficult to achieve, due to the

bined optical closure study - local and columnar

high spatial and temporal variability along with

- performed in summer 2010 in the Swiss Alps.

large differences in aerosol composition and size.

In an exceptional set-up various remote sensing

Currently, a large variety of different in-situ and

instruments were installed at the Kleine Schei-

remote sensing techniques exist which observe

degg (2060 m a.s.l., 46◦ 35’ 6” N, 7◦ 57’ 40” E)

aerosols from the ground, from moving platforms

and different in-situ instruments were recording

like airplanes or from satellites (see e.g. Chin

at the Jungfraujoch (3580 m a.s.l., 46◦ 32’ 51”

et al.; 2009; Schmid et al.; 2006; Kaufman et al.;

N, 7◦ 58’ 45” E) approximately 1.5 km above

2002, and references therein) .

and in the line of sight of the remote sensing site
(approx. 4.5 km horizontal distance, see Fig. 6.1).

Closure studies have been proposed (see e.g.

This set-up allows to investigate the vertical

Ogren; 1995; Penner et al.; 1994) and initiated

distribution of the aerosols in combination with

to assess the consistency of aerosol properties

a detailed microphysical and optical analysis

measured with various techniques from dif-

at one point in the column at a high temporal

ferent platforms. For example, closure studies

resolution. In addition, data from two satellites,

between LIDAR (Light Detection And Ranging)

which account for a wider geographical context

and in-situ measured aerosol size distribution,

than the solely ground-based instrumentation,

scattering and absorption coefficients (often

are added to the comparison.

together with Mie theory) have been performed
in several studies (see e.g. Zieger et al.; 2011;

An extensive local closure experiment con-

Schmid et al.; 2003; Gobbi et al.; 2003; Fiebig

cerning aerosol optical properties has already

et al.; 2002; Wex et al.; 2002; Russell and

been conducted at the Jungfraujoch (Fierz-

Heintzenberg; 2000; Hoff et al.; 1996, and refer-

Schmidhauser et al.; 2010a). In that study,

ences therein). Since aerosol particles experience

hygroscopic

hygroscopic growth at elevated relative humidity

measurements

of

a

humidified

nephelometer and a hygroscopicity tandem dif-

(RH), the comparison of the usually dry in-situ

ferential mobility analyzer (H-TDMA) together

measurements RH<30–40 % as recommended by

with size distribution, light scattering, light

WMO/GAW (2003) with the ambient remote

absorption and chemical measurements were

sensing measurements is complicated. However,

discussed and compared using Mie theory. Local

a few studies have used direct measurements

closure was achieved in Fierz-Schmidhauser

of the hygroscopicity to compare their in-situ

et al. (2010a), but the comparison to ambient

measurements with ambient ones (see e.g. Zieger
64

Mid-latitude cirrus properties from lidar measurements

South

North

A

1.25 km
B

C
2.18 km

D

E

2.36 km

F
4.81 km

Ceilometer

60°

Scanning LIDAR

1.52 km

10°

FUBISS ASA1 + ASA2 + Zenith

0.27 km

Jungfraujoch
3580 m a.s.l.

Radiometer

WetNeph, DryNeph,
aethalometer,
SMPS & OPC
Sun photometer

CLACE 2010
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Figure 6.1: Set-up and measurement geometry during the CLACE 2010 campaign performed at the Jungfraujoch and
the Kleine Scheidegg, Switzerland (red bullet on left map).

data was still missing and is now being done in

6.2 Experimental setup

this study.

6.2.1 Site and campaign description
The presented work is also motivated by

The CLoud and Aerosol Characterization Exper-

the results of a recent field study at Cabauw,

iment (CLACE) 2010 campaign took place

the Netherlands, where in-situ measurements of

from June to August 2010 at the high alpine

the ambient aerosol extinction coefficient were

research station Jungfraujoch (3580 m a.s.l.,

compared to MAX-DOAS (multi-axis differential

46◦ 32’ 51” N, 7◦ 58’ 45” E) and the Kleine

optical absorption spectroscopy) and LIDAR

Scheidegg (2060 m a.s.l., 46◦ 35’ 6” N, 7◦ 57’ 40”

(Zieger et al.; 2011). Significant differences

E), Switzerland. The Kleine Scheidegg (KLS) is

between MAX-DOAS, LIDAR and (ambient)

located approx. 1.5 km below the Jungfraujoch

in-situ measurements were found for the lowest

(JFJ) and both sites are in direct range of

level in Cabauw. In Zieger et al. (2011), the

sight (horizontal distance approx. 4.5 km, see

LIDAR profiles had to be extrapolated to

Fig. 6.1). The JFJ research station is part of

retrieve the ground layer value due to the incom-

the Global Atmosphere Watch (GAW) program

plete overlap of transmitter and receiver, which

coordinated by the World Meteorological Orga-

is now being avoided by the elevated position of

nization (WMO) and continuous aerosol in-situ

the in-situ measurements. In this study, a local

measurements have been performed within this

closure between in-situ and LIDAR profiles and

framework since 1995. The continuous preci-

a column closure between the integrated LIDAR

sion filter radiometer (PFR) measurements by

profiles, the Sun photometers and two different

MeteoSwiss date back to 1999. However, there

satellite retrievals is presented.

were measurements with other types of Sun
photometers since 1995 (less continuous).

65

Mid-latitude cirrus properties from lidar measurements

CLACE 2010

Due to its high altitude the JFJ site is sit-

parallel. During this time also columnar aerosol

uated in the free troposphere for most of the

optical properties were measured from the KLS

time. Thermal convection, however, transports

with the FUBISS instrumentation (see below).

air from the planetary boundary layer (PBL)

This period was also characterized by many

to the site, especially during warmer summer

cloud-free days, which are needed for the remote

months and predominantly in the afternoon

sensing of aerosols. This study therefore focuses

hours. Therefore, the extensive aerosol parame-

on the two-week long IOP.

ters, e.g. aerosol scattering coefficient or number
concentration, undergo an annual cycle with

6.2.2 In-situ instrumentation at the
Jungfraujoch

a maximum in the summer months and a
minimum during winter months. This goes

All aerosol instruments were connected to a

along with a typical diurnal cycle showing a

heated inlet (≈25◦ C, without size cut), which

maximum in aerosol concentration in the after-

besides aerosol particles also allows hydrometeors

noon hours (see e.g. Collaud Coen et al.; 2011;

with diameter D < 40 µm to enter and to evapo-

2007; Nyeki et al.; 1998; Baltensperger et al.;

rate, at wind speeds up to 20 ms−1 (Weingartner

1997). The site is also exposed to long-range

et al.; 1999). This allows that cloud residuals are

transport phenomena, such as Saharan dust

included in the aerosol measurements. The tem-

from Northern Africa (Collaud Coen et al.; 2004;

perature differences between ambient and inside

Schwikowski et al.; 1995) or volcanic ash from

the laboratory additionally guarantees that all

Iceland (Bukowiecki et al.; 2011). In contrast to

aerosol measurements are performed at dry con-

the permanent facilities at the JFJ, the KLS site

ditions (relative humidity, RH < 20 %).

was a temporary measurement site especially
installed for the CLACE 2010 campaign, where
only remote sensing instruments were located.

6.2.3 Aerosol scattering coefficient measurements at dry and humidified conditions

The CLACE campaigns have been carried
out on a regular basis since 2000 at the
Jungfraujoch

(see

The measurement of scattering and backscatter-

www.psi.ch/lac/clace-gaw-

ing coefficients has continuously been performed

plus for an overview). Their main goal is to

at the JFJ since 1995. An integrating neph-

study the microphysical properties of aerosols

elometer (TSI Inc., Model 3563, subsequently

and clouds using a wide range of in-situ and

termed DryNeph) measures the aerosol light

remote sensing techniques. During CLACE 2010,

scattering σsp and backscattering σbsp coefficient

the focus was set on investigating the ambient

at three wavelengths (λ = 450, 550, and 700 nm).

peak supersaturation and size distribution of

The scattering coefficients were measured at

liquid clouds (Spiegel et al.; 2012; Hammer

dry conditions (RHdry = 14.5 ± 4.3 % (mean

et al.; 2012, both in prep.), the influence of the

± standard deviation) inside the nephelometer

planetary boundary layer at the JFJ (Ketterer

during the IOP).

et al.; 2012, in prep.), and the closure study
of aerosol optical properties using in-situ and

In

remote sensing techniques (this study).

addition,

the

aerosol

scattering

coeffi-

cients σsp were measured with a novel humidified
nephelometer (WetNeph) at defined relative

An intensive operation period (IOP) was defined

humidity between ≈ 20 − 95 % RH. A detailed

for a two-week interval (3 - 18 July 2010), where

technical description of the WetNeph is given

all instruments were successfully operated in

by Fierz-Schmidhauser et al. (2010b). Briefly,
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the instrument consists of a modified TSI

humidograms are similar to the findings of Fierz-

nephelometer (TSI Inc., Model 3563 with an

Schmidhauser et al. (2010a) who measured the

improved temperature and RH control) coupled

scattering enhancement in May 2008 at the JFJ

to a humidification and drying system. The

using the same instrument as in this study.

main feature of this instrument is the measurement of humidograms, where the RH inside
the nephelometer is periodically changed from

6.2.4 Aerosol absorption measurements

approximately 20 to 95 %. In the hydration

An aethalometer (Magee Scientific, USA, type

mode of the humidogram, the RH is increased

AE31) was used to measure the aerosol light

from low to high RH while the dryer is turned

absorption coefficients σap at the wavelengths of

off. In this mode, the lower part of the aerosol

λ = 370, 470, 520, 590, 660, 880, and 950 nm.

hysteresis curve is measured. In the dehydration

The principle of the aethalometer is to measure

mode, the humidifier is set to maximum RH

the attenuation of light transmitted through a

(≈ 95 %) and the following dryer is now turned

filter (Pallflex Q250F), while aerosols are contin-

on, drying the aerosol back to dry conditions

uously deposited on the filter, which is changed

to approx. 20-35 % RH. This mode allows the

after a certain threshold of the attenuation has

sampling of the upper branch of the hysteresis

been reached. The measurements were corrected

curve. Typical humidograms measured at the

for multiple scattering by the filter fibers and

JFJ are shown by Fierz-Schmidhauser et al.

the scattering of the aerosols embedded in the

(2010a).

filter using a site-specific correction factor of
2.81 (Collaud Coen et al.; 2010). A loading

The measurement of the dry and wet scat-

dependent correction was not applied. For

tering coefficients by the DryNeph and the

further information on the correction algorithms

WetNeph allows the determination of the scat-

see Weingartner et al. (2003) and Collaud Coen

tering enhancement factor f (RH), which is

et al. (2010).

defined as:
σsp (RH, λ)
f (RH, λ) =
,
σsp (RHdry , λ)

The sum of σap and σsp , as measured by
the aethalometer and nephelometer, is called the

(6.1)

aerosol extinction coefficient σep . The ratio of

where σsp is the aerosol scattering coefficient at

the scattering coefficient σsp to the extinction

a certain RH and wavelength λ. All optical prop-

coefficient σep is called the single scattering

erties discussed here are dependent on the wave-

albedo ω0 :

length λ, which is omitted for simplicity reasons
from now on and only explicitly mentioned when

ω0 =

misinterpretation could occur. The numerator of

σsp
σsp
=
.
σsp + σap
σep

(6.2)

Eq. 6.1 is measured by the WetNeph while the

The single scattering albedo can vary from ω0 =1

denominator is measured by the DryNeph (RHdry

(extinction entirely caused by scattering) to

is the relative humidity inside the DryNeph). The

ω0 =0 (extinction entirely caused by absorption).

scattering coefficient were corrected for angular
and illumination non-idealities (truncation error

6.2.5 Aerosol size distribution measurements

correction, see Anderson and Ogren; 1998). During the CLACE 2010 campaign, the WetNeph
was operated in the humidogram mode and a full

Dry aerosol number size distributions were mea-

scan from low to high RH and back took three

sured for mobility diameters (Dmob ) between 10

hours. The shape and magnitude of the recorded

and 350 nm with a scanning mobility particle
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sizer (SMPS). It consists of a differential mobility

station operated by MeteoSwiss. A THYGAN

analyzer (DMA, TSI Inc., Model 3071) and a

(Thermo-HYGrometer-ANetz), measured the air

condensation particle counter (CPC, TSI Inc.,

temperature with a thermo element and the

Model 3775). Size distributions were measured

relative humidity was measured by a chilled

every 6 min, with an up-scan time of 300 s. The

dew point mirror hygrometer. The measurement

sample air

uncertainty of the temperature and the dew point

flow rate and a closed-loop excess and sheath

was of ±0.15◦ C for T >-20◦ C and ±0.25◦ C for

air setup with a flow rate of 3 l min−1 . The used

T <-20◦ C.

DMA was operated at

0.3 l min−1

SMPS type was previously intercompared within
the EUSAAR project (http://www.eusaar.net)
and fulfills the recommendations given by

6.3 Remote sensing instrumenta-

Wiedensohler et al. (2010).

tion

Additional

size

distribution

6.3.1 Aerosol backscatter LIDAR

measurements

were performed by a 15-channel optical particle

The Institute for Atmospheric and Climate

counter (OPC; Dust Monitor 1.108, Grimm

Science of ETHZ installed a scanning elas-

GmbH). The instrument was factory calibrated

tic backscatter LIDAR (Light Detection And

using polystyrene latex spheres (PSLs, refractive

Ranging) at the KLS. This instrument (Model

index =1.588) at a laser wavelength of 780 nm,

ALS450, Leosphere, Orsay, France) emits a

yielding optical diameter (Dopt ) size ranges of

laser pulse (λ =355 nm, average pulse energy

>0.3 µm to >20 µm in 15 different channels.

16 mJ, repetition rate 20 Hz, 1.5 m vertical res-

The nominal volumetric flow rate of 1.2 l min−1

olution) and records the attenuated backscat-

was increased to 1.4 l min−1 due to the pressure

ter signal that is elastically reflected back from

conditions at the JFJ (640–670 mbar). The

air molecules, aerosols and cloud droplets. The

flow was checked at regular intervals, and the

LIDAR equation describes the detected signal P

measured number concentrations were corrected

resulting from scattering by air molecules and

for the increased flow rate. Based on the length

particles at distance R from the instrument as

and geometric design of the OPC inlet line, it

(see e.g. Weitkamp; 2005)for more details):

was estimated that there is a considerable loss

P (R)R2 = E0 νL [βep (R) + βm (R)] ·

of particles with D > 15 µm. Aerosol measurements with an OPC depend on the shape and

"

the complex refractive index of the sampled

exp −2

aerosol, which determine the scattering response

Z R
0

#

[σep (r) + σm (r)] dr

(6.3)

where E0 denotes the laser pulse energy, and

function and thus cause a large uncertainty in

νL are instrument specific efficiency parameters

the correct sizing of the particles. The recorded

(the overlap function is included in νL ), β and

OPC size distributions were corrected assuming

σ describe the backscatter and extinction by air

a constant refractive index mOPC as described

molecules (’m’ for molecular) and aerosol parti-

in Bukowiecki et al. (2011).

cles (’ep’ for extinction by particles as commonly
used for in-situ measurements). The product of
P (R)R2 is called range corrected backscatter

6.2.6 Meteorological data

signal (RCS). The molecular coefficients in

All meteorological parameters, (temperature T ,

Eq. 6.3.1 are evaluated from atmospheric tem-

relative humidity RH, wind speed and direc-

perature and pressure profiles taken from the

tion) were measured at the JFJ SwissMetNet

operational weather forecast model COSMO (see
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profiles.

horizontal resolution of 2 km.
The aerosol backscatter and extinction coef-

6.3.2 FUBISS-ASA1 + ASA2 measurements

ficients βep and σep in Eq. 6.3.1 remain two
unknowns for one recorded measurement quan-

The multi-spectral Sun and aureole-radiometers

tity. The ratio of both parameters is usually

FUBISS-ASA1 and FUBISS-ASA2 (Free Uni-

defined as the aerosol LIDAR ratio LRaer :
LRaer (R) =

σep (R)
.
βep (R)

versity Berlin Integrated Spectrographic System
- Aureole and Sun Adapter 1 and 2) are designed

(6.4)

for aerosol remote sensing on moving as well as
on ground based platforms (both instruments

It depends on the aerosol size, shape and chemi-

and calibration procedures are described in

cal composition. Similarly, the molecular LIDAR

detail in Zieger et al. (2007); Asseng et al.

ratio LRm is defined as

(2004). They are frequently used for airborne

8π
σm
=
LRm =
Fk ,
βm
3

measurements of aerosol optical properties. Both

(6.5)

instruments were deployed at the KLS during
the IOP only.

where Fk ∼ 1 is the King correction factor,
which takes the anisotropy of air molecules
into account and can be calculated (She; 2001;

ASA2 is the newer system and includes

Bucholtz; 1995). Since the aerosol LIDAR

two aureole baffle tubes in addition to the Sun

ratio

independently

photometer optics. These aureole tubes consist

with backscatter LIDAR systems, it has to be

of various ring shaped apertures which shield

prescribed as parameter for the inversion of

the direct sunlight and only allow radiation from

Eq. 6.3.1. Using the Klett algorithm (Kovalev

the 4◦ and 6◦ angle regions to be transmitted

and Eichinger; 2004; Klett; 1981), profiles of the

to the spectrometers (the exact angles of these

aerosol extinction coefficient σep are determined.

annulus rings around the Sun are 3.05◦ -4.82◦

cannot

be

determined

and 4.68◦ -7.24◦ ). The spectrometers provide
The LIDAR is equipped with a parallel

256 wavelengths channels between λ = 300 and

and a perpendicular receiver channel, P|| and

1100 nm. Radiometric calibration of the Sun

P⊥ , which allow determining the degree of

photometer is performed by the Langley-plot

depolarization of the initially linearly polarized

technique together with a method using the

laser pulse. The linear depolarization ratio δ is

measured aureole radiances as suggested by

defined as

Tanaka et al. (1986). The required calibration
coefficient for the selected spectrometer pixP⊥
.
δ=
P||

(6.6)

els is the extraterrestrial detector voltage V0 ,

The LIDAR was measured at a zenith angle of

the hours after sunrise or before sunset, when

10◦

towards the JFJ for most of the time of the

the direct solar radiance traverses a range of

campaign and from 8 to 17 July 2010 with a

different air masses. To meet the requirements

extrapolated from continuous measurements in

towards the JFJ (see Fig. 6.1).

of stable atmospheric conditions during the

The profile heights were therefore corrected by

calibration measurements, they are favorably

the cosine of the zenith angle to produce vertical

performed above the planetary boundary layer.

altitude. A moving average in time (±22.5 min)

FUBISS-ASA1 and ASA2 were calibrated before

and altitude (±225 m) was applied to all LIDAR

and after IOP at the JFJ. The relative differences

closer angle of

60◦
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of the sensitivity of the solar and the aureole

by fitting a power law function to the measured

radiometers had previously been determined

spectral aerosol optical depth or by using two

by measurements with a standard lamp in an

discrete wavelengths λ1 and λ2 . For small expo-

integrating sphere.

nents (α .1) the measured aerosol is dominated
by the coarse mode (D >1 µm), whereas for

Scattering and absorption by air molecules,

large values (α &1) the size distributions is

cloud droplets, and aerosols lead to the extinc-

dominated by the fine mode (D <1 µm).

tion of solar radiation entering the atmosphere.
Under cloud-free conditions the integrated

As mentioned above, FUBISS-ASA2 detects

extinction from the instrument to the top of

the scattered radiation in the two annulus rings

the atmosphere due to aerosol particles, the

at 4◦ and 6◦ . This allows to retrieve the ratio

aerosol optical depth (AOD), can be derived

of the aerosol phase function Pa (averaged over

from the measured direct solar signal Vd using

each aureole ring at the two angles), which is

the rearranged Beer-Lambert law

defined as the aureole index aui:

ln(V0 ) − ln(Vd )
AOD =
− τr − τg ,
m

aui(λ) :=
(6.7)

Pa,4◦
.
Pa,6◦

(6.9)

This spectrally dependent value can be interpreted as the slope or steepness of the aerosol

where V0 is the extraterrestrial detector voltage.

phase function in the forward scattering region.

The relative air mass factor m in Eq. 6.7 nor-

It allows to estimate the observed aerosol type, if

malizes the optical depth to the zenith direction.

e.g. compared to values computed by Mie calcu-

τr refers to the optical thickness due to Rayleigh

lations for different aerosol models (Zieger et al.;

scattering by air molecules, which is calculated.

2007). The spectral dependence of aui can addi-

With a priori assumptions for the spectral behav-

tionally be used for the analysis. A further advan-

ior of AOD, the optical thickness of absorbing

tage of the additional aureole measurements lies

trace gases τg can be derived from the Sun pho-

in an easy detection of thin (and for the human

tometer measurements by minimizing the resid-

eye invisible) clouds that immediately cause an

ual to synthetic results computed under variation

increased aureole signal due to the increased for-

of the assumed trace gas concentration (King and

ward scattering.

Byrne; 1978). In the processing scheme used for
the CLACE campaign this method was adopted
for the correction of the ozone contribution to

6.3.3 Ceilometer

the optical depth. The spectral shape of the AOD

A

contains information about the size distribution

LIDAR-ceilometer

(http://www.jenoptik.com)

of the aerosol particles. The parameter used to

was

CHM
installed

15k
at

the KLS. The CHM 15k is a low-maintenance

quantify the latter is called Ångström exponent,

low-power elastic backscatter LIDAR. It uses

α, and can be derived from the fit of a power

a diode-pumped Nd:YAG solid state laser at

law, called the Ångström formula, to the spec-

λ =1064 nm with a repetition frequency of

tral slope of the AOD:
AOD(λ) ∼ λ−α .

Jenoptic

5-7 kHz and a pulse duration of 1 ns. It provides
vertical profiles of total (molecular+particulate)

(6.8)

elastic backscatter from about 300 m above

Relation 6.8 can be formulated analogously for

ground up to 15 km (under cloud-free condi-

σsp , σap , σep , or the single scattering albedo ω0

tions) with a vertical resolution of 15 m. We only

(see Eq. 6.2). The exponent can be determined

use the range corrected signal for illustration
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mittances that are measured every minute. The

purposes.

SACRaM PFR’s are calibrated using the Langley
plot technique, which are conducted on excep-

6.3.4 Radiometer

tionally stable days (about 1 in 10 on average

A microwave profiler (TEMPRO, Radiometer

at Jungfraujoch). This calibration procedure at

Physics GmbH, Germany) was installed at the

the Jungfraujoch allows reducing the uncertainty

KLS to retrieve temperature profiles. TEMPRO

on the estimate of the extraterrestrial signal to

is a total-power radiometer utilizing direct detec-

about 1 %. The estimate of the extraterrestrial

tion receivers in the V-band with seven channels

signal is used as a normalization, and a 1 % uncer-

from 51 to 58 GHz. These channels contain infor-

tainty corresponds to an uncertainty of 0.005 in

mation on the vertical temperature profile due to

the AOD (Schmid and Wehrli; 1995).

the homogeneous mixing of O2 in the atmosphere
(Crewell and Löhnert; 2007). A full description of
the instrument and of the retrieval algorithm is

6.4 Satellite observations

given in Löhnert and Maier (2011). The a pri-

Spaceborne aerosol products provide a large-scale

ori information needed for a reliable retrieval of

and synoptic view of the atmospheric aerosol

the temperature profiles is usually taken from

abundance and distribution. In this study, oper-

radiosonde measurements. Unfortunately, direct

ationally derived AOD (at λ =0.55 µm) from

soundings at the KLS were not available and

the Spinning Enhanced Visible and InfraRed

therefore soundings from Payerne, Switzerland,

Imager (SEVIRI) on-board the current European

were used instead (located approx. 80 km west of

geostationary METEOSAT Second Generation

the JFJ). The retrieved profiles therefore have to

(MSG) satellites and from the polar-orbiting

be used with caution. They are only used here

Moderate Resolution Imaging Spectroradiome-

to show relative differences between the temper-

ter (MODIS) are used to put the ground-based

ature measurement at the JFJ and the tempera-

measurements into a wider context. The main

ture profile value at the height of the JFJ station

challenge of satellite aerosol retrieval lies in the

(Point E in Fig. 6.1).

separation of the aerosol signal from the surface reflectance signal, which is a-priori unknown.

6.3.5 MeteoSwiss Sun photometers at
the JFJ

The SEVIRI AOD product (Popp et al.;

AOD measurements are performed at the

2007) is based on time-series analyses of the

Jungfraujoch using precision filter radiometers

SEVIRI visible band to first estimate surface

(PFR, see Wehrli; 2000). PFR’s are designed

reflectance for each pixel and time-slot and to

for long-term monitoring and feature some char-

subsequently invert AOD by means of radiative

acteristics for reducing instrumental drift, for

transfer calculations assuming a fixed (conti-

example temperature stabilization or a shutter to

nental) aerosol model. SEVIRI AOD maps over

reduce filter and sensor degradation. These mea-

central Europe are generated with a temporal

surements are performed within the SACRaM

resolution of 15 minutes for all clear-sky pixels

network (Swiss Alpine Climate Radiation Mon-

during daytime (solar zenith angle < 75◦ ) and a

itoring of MeteoSwiss), which operates four 4-

resolution after spatial filtering of approximately

wavelength PFR units at the Jungfraujoch. Nine

20 km. Validation of SEVIRI derived AOD with

out of these 16 wavelengths allow inferring AOD

AErosol RObotic NETwork (AERONET, Hol-

between 368 and 1024 nm. AOD values (see

ben et al.; 1998) sites in central Europe revealed

Eq. 6.7) are derived from atmospheric trans-

a generally good performance (correlations well
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above 0.8, RMSE of ∼0.05, and 75-80% of all

observed during the IOP by all instrumentations,

retrievals within MODIS expected error over

which is discussed in Sect. 6.5.4. A discussion on

land of ±(0.05+0.15×AOD)).

the columnar measurements of FUBISS, the Sun
photometer at the JFJ and the satellite observations follows in Sect. 6.5.5.

In the MODIS Collection 5 (Levy et al.;
2007) overland aerosol retrievals, the infrared
bands (1.24, 2.1 µm), which are less sensitive
to the aerosol signal, are used to estimate the

6.5.1 Prevailing air masses and their
aerosol properties

surface reflectance in the visible bands for each
observation (Kaufman et al.; 1997). In order to

The intensive observation period (IOP) was

reduce noise (e.g. due to undetected clouds/snow

characterized by many cloud-free days, which

and bright spots) the 20 to 50 percentile of

are a prerequisite for the remote sensing of

surface reflectance is averaged in squares of

aerosols. Especially the AOD measurements are

10×10 km2 prior to the AOD inversion. The

only feasible during clear sky conditions, which

accuracy of the MODIS AOD was found to be

were possible at eight days (mainly during the

∆AOD=±(0.05+0.15×AOD) worldwide (68 %

morning) out of the 14 day long IOP.

confidence level, Levy et al.; 2010).

The air during the IOP mainly originated

The availability of two visible bands allows

from Western Europe as can be seen in Fig. 6.2,

to estimate the aerosol fine and coarse modes, or

where air mass trajectories are shown (5-day

alternatively the Ångström exponent. However,

backward calculations with a time resolution of

the latter is considered more as a qualitative

six hours using the FLEXTRA model (Stohl

product overland (Levy et al.; 2010). For this

et al.; 1995; Stohl and Seibert; 1998), trajectories

study, daily MODIS products (Collection 5.1

taken from NILU at www.nilu.no/trajectories).

Level 3; MOD08D3, MYD08D3) were down-

The trajectories are color coded by different

loaded from the NASA Giovanni Web site (

aerosol parameters measured at the time the air

http://disc.sci.gsfc.nasa.gov/giovanni/overview/

parcel arrived at the site.

index.html). Among the major error sources of
both aerosol products are inappropriate surface

The first three panels in Fig. 6.2 present

reflectance estimation and undetected cloud and

the main intensive aerosol optical parameters.

snow contamination which makes remote sensing

The Ångström exponent αdry,scat (see Eq. 6.8)

of aerosol properties in mountainous regions

of the dry scattering coefficient measured in-situ

particularly challenging (Emili et al.; 2011).

at the JFJ by the nephelometer is seen in
Fig. 6.2a. Large values (αdry,scat & 1) point
towards a dominant fine mode, while small

6.5 Results

values (αdry,scat . 1) indicate a coarse mode

First, a short overview on the prevailing air

domination of the aerosol size distribution. It

masses and their aerosol related properties are

can be seen that a value of αdry,scat ≈ 2 prevails

presented in Sect. 6.5.1. Next, in Sect. 6.5.2,

for most of the time which can be regarded as

we discuss the calculation of optical properties.

the typical background value at the JFJ.

This is followed by a comparison study of the
extinction coefficients measured in-situ and by

When air masses originated from Northern

LIDAR in Sect. 6.5.3. The influence of a strong

Africa, αdry,scat showed significantly lower values

Saharan dust plume transported to the site was

below 1, indicating a domination of coarse mode
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Figure 6.2: FLEXTRA air mass trajectories (5-day backward calculations with Jungfraujoch (JFJ) as endpoint) for the
intensive observation period (3 - 18 July 2010). The color code denotes the specific aerosol parameter measured
at the time the air parcel arrived at the site: (a) Ångström exponent of the dry scattering coefficient; (b)
Ångström exponent of the dry single scattering albedo (Saharan dust index); (c) Scattering enhancement
factor at 85% relative humidity; (d) Mean surface diameter; (e) Scattering coefficient (dry); (f) Aerosol
optical depth measured from the Kleine Scheidegg by FUBISS-ASA2. Grey lines are trajectories without
data (e.g. in cloudy situations or when measurements are below detection limit).

particles which were transported from the Saha-

The

back

trajectories

ran desert to the JFJ. These Saharan dust events

the

aerosol

(SDE) are frequently observed (between 10 and

f (RH=85 %,550 nm) at 85 % RH (Eq. 6.1) as

35 SDE per year, see Collaud Coen et al. (2004)

measured by the WetNeph are displayed in

for more details). The trajectories in Fig. 6.2b

Fig. 6.2c. The values have been calculated by

are color coded by the Ångström exponent of ω0 .

fitting a two-parameter equation (as e.g. used in

The mineral dust particles can be differentiated

Zieger et al.; 2011) to the averaged humidograms:

light

color

scattering

coded

by

enhancement

from other coarse mode particles like sea salt
by their characteristic spectral behavior of ω0

f (RH, λ) = a (1 − RH)−γ .

(fitting Eq. 6.2 with Eq. 6.8) in the optical

(6.10)

range of λ =450 to 700 nm. The apparent SDE

The magnitude of f (RH=85 %,550 nm) is similar

trajectories show significantly low values (below

to the findings of Fierz-Schmidhauser et al.

0) of αω0 , which is mainly caused by a large

(2010a). Again, the SDE significantly differs

increase of coarse mode particles with a reddish

from the other air masses in Fig. 6.2c with

color (Collaud Coen et al.; 2004).

f (RH=85 %,550 nm) being close to 1 during the
SDE due to the low hygroscopic growth of the
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An example of the calculated versus mea-

predominant mineral dust (Sjogren et al.; 2008).

sured scattering coefficient is seen in Fig. 6.3.
The SDE are visible in the aerosol size dis-

The color code denotes the Ångström exponent

tribution measurements as well, as depicted in

of the single scattering albedo αω0 (also called

Fig. 6.2d, where the trajectories are color coded

Saharan dust index, see Sec. 6.5.4 below), which

by the mean surface diameter (measured by

is used to discriminate the Saharan dust aerosol

the SMPS and OPC) which is clearly increased

from the usual aerosol present at the JFJ. The

during the SDE. Figures 6.2e and 6.2f show the

slopes of the two weighted linear least squares

aerosol scattering coefficient measured by the

regressions in Fig. 6.3 are clearly different for

nephelometer at the JFJ and the AOD measured

the two different aerosol types predominant at

by FUBISS-ASA2 at the KLS. Again, it can

the JFJ. This example clearly shows that the

be seen that the SDE is also predominant in

calculation of the optical properties during the

the extensive aerosol parameters (see upcoming

SDE are highly uncertain due to the dominance

Sect. 6.5.4 for a more detailed discussion on the

of non-spherical particles, where Mie theory is

SDE).

not applicable (Nousiainen; 2009). The slope
also changes in dependence of the refractive
index mOPC chosen for the OPC correction,
while the R2 is less affected. In this example, the

6.5.2 Calculation of optical properties

OPC size distribution was corrected assuming a

The size distributions measured in-situ were used

refractive index of mOPC =1.5+0.05i.

to calculate the scattering and absorption coefficients using the Mie code of Bohren and Huffman

Nevertheless, this example shows that the

(2004). For this, the assumptions of spherical

optical and microphysical in-situ measure-

particles and an internal mixture were made. The

ments at the JFJ are in clear correspondence

refractive index is unfortunately unknown due to

(R2 =0.85-0.98) despite the uncertainties in size

the lack of chemical characterization during the

and refractive index. The optical closure of the

campaign. For the fine mode, we assume a mean

in-situ measurements for the recorded annual

refractive index of mfm (550 nm)=1.52 + 0.03i

datasets is still ongoing work and subject to a

as retrieved at the JFJ during another closure

separate publication.

study (also including chemical measurements) in
2008 (Fierz-Schmidhauser et al.; 2010a).
For the coarse mode, the refractive index

6.5.3 LIDAR in-situ comparison of the
aerosol extinction coefficient

of mineral dust (mcm (550 nm)=1.53 + 0.0055i)
is taken from Hess et al. (1998). A consistent
combined size distribution of SMPS (measuring

One main task of this study is the comparison

an electrical mobility diameter < 350 nm) and

and validation of the in-situ measurements with

OPC (measuring an optical diameter > 350 nm,

remote sensing measurements including the

which also depends on the refractive index of the

humidity effect of the aerosol light scattering.

particle) is difficult to obtain due to an under-

As mentioned above, the initially dry in-situ

determined problem and the many assumptions

measurements have to be recalculated to ambient

that have to be made. The main problem is the

conditions (to ambient RH) using the WetNeph

influence of the unknown refractive index in the

measurements.

OPC diameter sizing.
The
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Figure 6.3: Calculated vs. measured aerosol light scattering coefficient (dry, at λ=550 nm and a refractive index for the
OPC correction of mOPC =1.5+0.05i as an example). The color code denotes the Ångström exponent of the
single scattering albedo αω0 , which is used to identify mineral dust at Jungfraujoch (also called Saharan
dust index). Data affected by mineral dust (negative values of αω0 ) and non-affected data points (positive
values of αω0 ) are fitted separately with a linear least squares regression (solid lines). The black dashed curve
represents the 1:1 line.

is calculated as follows

The ambient extinction coefficient can be
compared directly to the measurement of the

σep (RHamb. ) = f (RHamb. )σsp (RHdry ) + σap ,

LIDAR at the height of the JFJ (3580 m a.s.l.).

(6.11)

As mentioned in Sect. 6.3.1, the LIDAR ratio
(LR) has to be assumed and remains the largest

where the scattering enhancement f (RHamb. )

uncertainty in the extinction coefficient profiles.

is determined by fitting the 3-hour averaged

Four different values of LR have been selected for

humidograms with Eq. 6.10. This is only done

the retrieval, all lying in the range of continental,

for RHamb. <95 %, the maximum RH inside

urban and desert aerosol (Ackermann; 1998;

the WetNeph (the uncertainties are too high

Müller et al.; 2007). Four example profiles and

at higher RH as f (RH)→ ∞ for RH→100 %).

the corresponding in-situ measurement at the

The absorption coefficient σap is interpolated

JFJ are shown in Fig. 6.4. The error of the in-situ

to the specific wavelength using Eq. 6.8. The

measurements is calculated through Gaussian

absorption enhancement at higher RH can be

error propagation assuming a 10 % relative error

neglected at the JFJ (Nessler et al.; 2005).
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Figure 6.4: Example profiles of the aerosol extinction coefficient measured by the LIDAR (solid lines) at different assumed
LIDAR ratios (LR) from the Kleine Scheidegg (all at λ =355 nm). The corresponding dry and ambient
extinction coefficients measured at Jungfraujoch are shown as red and blue bullet points, respectively. The
webcam pictures in the upper panel are recorded at the same time (from the Kleine Scheidegg with view
towards the Jungfraujoch station, see red circle). In the last example (14 July 2010) the LIDAR was measuring
with an zenith angle of 60◦ , missing the local cloud at the station.

in the DryNeph, WetNeph, and 20 % in the

the JFJ, see Fig. 6.1) and therefore sampled

aethalometer measurements (Anderson et al.;

possibly a drier air mass compared to the JFJ.

1996; Fierz-Schmidhauser et al.; 2010b). Figure

These local humid air masses with partially

6.4a shows an example where the humidity effect

developing clouds were often observed when the

in the in-situ measurements is clearly seen (with

air arrived from the south via the Aletsch glacier.

f (RHamb. =84 %)=2.1 at 355 nm). In Fig. 6.4b
the humidity effect is less pronounced due to the

Figure 6.5a shows the entire time series of

low ambient RH. In Fig. 6.4c the JFJ was in the

the aerosol extinction coefficient measured

free troposphere with very low aerosol concen-

in-situ (dry and at ambient RH) and derived

trations, as also measured by the LIDAR. In the

from the LIDAR at the height of the JFJ. The

fourth example (Fig. 6.4d) the in-situ extinction

temporal evolution of σep is similar for both

coefficient (dry and ambient) clearly exceeds the

in-situ and LIDAR and the agreement is good,

profile values. This is possibly due to site-specific

but differences occur especially during elevated

orographic effects resulting in different air prop-

ambient RH. Several reasons can be brought

erties sampled by the two methods. While the

forward to explain the disagreement:

JFJ station was surrounded by a local, patchy

1. Orographic effects causing spatial inhomo-

cloud with high RHamb. ≈89 % (see camera

geneities

picture above the profile), the LIDAR was measuring at a zenith angle of 60◦ (corresponding

2. Uncertainties in the LIDAR retrieval due to

to a horizontal distance of about 2.2 km from

the LR assumed
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measurements show higher temperatures above

3. Losses in the in-situ inlet system

the KLS at the height of the JFJ compared to

The losses in the in-situ inlet system probably

the station at the JFJ. If the dew point tem-

cause only a minor effect and are assumed to

perature measurements of the JFJ is taken to

be less than 10-20 % in the optically active

calculate an RH value above the KLS (assuming

particle diameter range of 50 nm< D <10 µm,

the same water content and using the Magnus

while the influence of the unknown LR is not as

formula), one can see that the RH is clearly

eminent as one would expect (see below). The

lower above the KLS during this event (see

orographic effects, however, remain the main

Fig. 6.5c). This argumentation needs to be

reason to explain the disagreements found. The

treated with caution, since the points being

JFJ station is located on an exposed saddle at

compared are geometrically not the same and

3580 m a.s.l., with a large glacial area south of

the radiometer gives an estimate rather than an

the station (Aletsch glacier). To the north, the

exact value of the temperature (as it uses critical

mountain range steeply drops by 1500 m towards

input assumptions). Nevertheless, it provides

the KLS (see Fig. 6.1). These circumstances

additional hints and clearly supports the findings

probably cause large spatial differences in the

from the optical interpretation of the webcam

wind, temperature, and humidity properties of

pictures.

the air. When the wind at the JFJ originated
from the southeast (100-150◦ ) the mean RH

The LIDAR AOD values (obtained by inte-

was 76.0 %, but lower (73.5 %) when the air

grating the σep profiles) agree well with the

originated from northwest (300-360◦ ) during

AOD measurements of FUBISS-ASA1 and

the IOP. This phenomena is not unusual for

ASA2, as demonstrated by Fig. 6.5e (the AOD

that site and is especially observed during foehn

of FUBISS-ASA1 and ASA2 has been extrap-

wind conditions. For the entire year 2010, the

olated to 355 nm using Eq. 6.8). Compared

differences in RH were similar (74.9 % and 70.6 %

to the AOD of ASA1 the R2 ranges between

for southeast and northwest, respectively). Clear

0.63-0.64, with a slope between 0.99-1.12, and an

differences in the wind direction were observed

intercept between 0.009-0.017 for the 4 different

by measurements of wind profiler at the KLS

LR (obtained by a weighted linear least squares

and an anemometer at the JFJ (Ketterer et al.;

regression).

2012), in prep.) during CLACE 2010.

The σep values of the LIDAR profiles were

The LIDAR therefore often sampled drier air

averaged in 100-m altitude intervals and each

masses as compared to the in-situ measurements

mean value was separately compared to the

at the JFJ due to the measurement geometry

in-situ value measured at the JFJ. The result is

chosen (even though the LIDAR was tilted, see

seen in Fig. 6.6, where the squared correlation

Fig. 6.1, the points being compared had a hori-

coefficient (R2 ), the slope and the intercept

zontal distance of ≈ 2 − 4 km). Especially on 14

of a weighted linear least squares regression

July 2010 the effect of the elevated RH at the JFJ

in−situ = a · σ LIDAR + σ 0 , where a is the
(σap
ap
ap

is obvious (Fig. 6.5a). On that day a very local

0
slope and σap
the intercept) are shown versus

and patchy cloud surrounded the JFJ for most of

the altitude above the KLS. Panels (a) to (c) of

the forenoon while the LIDAR sampled probably

Fig. 6.6 show the result exemplary for LR=75 sr,

much drier air (see web cam picture in Fig. 6.4d).

while panels (d) to (f) show the R2 , slope and
intercept for all points and for all four assumed

The wind also originated from south via

values of the LR where the ambient RH was

the glacier (Fig. 6.5d). Radiometer temperature
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Figure 6.5: (a) Time series of the aerosol extinction coefficient (at λ=355 nm) measured in-situ at Jungfraujoch (JFJ) (red
bullets: dry, colored squares: at ambient RH indicated in the color bar) and by the LIDAR at the altitude
of the JFJ (Point C and D in Fig. 6.1) by assuming different LIDAR ratios (see legend). (b) Ambient
temperature at the JFJ (dark blue bullets) and retrieved from radiometer measurements from the Kleine
Scheidegg (KLS) here at the height of the JFJ (light blue bullets). (c) Ambient relative humidity at the
JFJ (dark blue bullets) and retrieved from radiometer measurements from the KLS at the height of the JFJ
(light blue bullets) using the measured dew point temperature of the JFJ and the Magnus formula. (d) Wind
direction measured at the JFJ. (e) The aerosol optical depth (AOD) retrieved from the LIDAR at different
LIDAR ratios and measured by the Sun photometers FUBISS-ASA1 (magenta crosses) and FUBISS-ASA2
(cyan crosses). The LIDAR was operating with two different zenith angles (10◦ and 60◦ , see arrows).

below 80 % (excluding the high and possibly

demonstrate the effect of local humid air, which

cloud affected data points).

often occurred when the air originated from the
Aletsch glacier (southeast wind direction). The

In all cases,

R2

shows a maximum of

R2

≈

agreement improves if high ambient RH cases

0.7 around the height of the JFJ (between

are excluded, but worsens again for very low RH,

3100 - 3600 m). This clearly demonstrates a link

probably due to the low number of points being

generally present between in-situ and the LIDAR

compared (see legend). The effect of the LR is

measurements. The slope of the linear regression

rather small. The humidity effect on the in-situ

is around 1 slightly below the height of the JFJ,

data can be seen in the improvement of the

while it significantly decreases below and above

slope of the linear regression, where the ambient

the altitude of the JFJ. Also the intercept shows

values show a better slope close to 1 compared

a minimum near the JFJ altitude.

to the dry values (dashed lines in Fig. 6.6b+c).

The clustering of the data concerning the ambi-

It has little influence on the value of R2 or on

ent RH (colored lines in Fig. 6.6a-c) was done to

the intercept. Interestingly, the highest R2 , best
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Figure 6.6: Comparison of the aerosol extinction coefficient retrieved from the LIDAR measurements and in-situ measurements. The measurements from the Jungfraujoch station (at 3580 m a.s.l.) were brought to ambient
conditions (solid lines) and are compared to the LIDAR measurements at different heights (100 m averages).
The corresponding dry in-situ measurements (dashed lines) are shown as well. (a) Correlation coefficient
for LR=75 sr where the data is categorized by the ambient relative humidity RH (see legend above, number of points is given in brackets), (b+c) Slope and intercept of a weighted linear least squares fit for the
same categorization as in panel (a). (d) Correlation coefficient for all measurements and different LR with
RHamb <80 %, (e+f) Slope and intercept for the same group of points as in panel (d).

slope and minimal intercept are observed about

6.5.4 Saharan
CLACE 2010

100 - 300 m below the JFJ site, which again can

dust

event

during

probably be attributed to the specific orography
and the resulting up and down drafting winds.

A strong and exceptionally long-lasting mineral
dust transport phenomenon was observed during

To sum up, the two different aerosol extinction

the campaign. As already shown in the back

measurements - ambient in-situ and by remote

trajectories in Fig. 6.2, air masses arriving at the

sensing technique - are in clear correspondence.

JFJ had their origin partly in Northern Africa.

The differences found are most probably due to

All in-situ and remote sensing instruments

the site-specific orography, but minor differences

observed this Saharan dust plume in differ-

could also be caused by the assumptions within

ent manners. Figure 6.7 shows the time series

the LIDAR retrieval and possible particle losses

measured by the in-situ and LIDAR instruments.

in the in-situ inlet system.

The dust plume arrived on the afternoon
of 8 July 2010 at an altitude of about 5000 m,
as can be seen by the ceilometer in Fig. 6.7d
which measures at a wavelength of 1064 nm and
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therefore is especially sensitive to coarse mode

Corresponding climatologies of the SDE could be

particles. The plume with a vertical extension

improved by additionally taking the measured

of ≈1-2 km slowly loses height and reaches the

size distribution into account. The large extent

height of the Jungfraujoch in the morning of 9

of this transport phenomena can also be seen

July 2010. The vertical extent increases further

in the SEVIRI AOD retrieval (Fig. 6.8). The

with time and later the dust particles fill the

dust plume arrived on 8 July 2010 in western

entire valley above the KLS.

France and covered large parts of France and
Switzerland on 9 and 10 July 2010. High values

The particles are characterized by an increased

of AOD of up to 0.7 (at 550 nm) were retrieved

depolarization ratio up to 0.2 (Eq. 6.6), as

during this episode. In addition, the eastbound

measured by the LIDAR and shown in Fig. 6.7e,

transport and thinning can clearly be detected

which indicates the presence of non-spherical

in the sequence of AOD maps which are also

particles as one would expect for mineral dust.

in good agreement with the trajectories of air

The temporal evolution and shape of the dust

masses of dust laden in Fig. 6.2. The dominance

plume are very similar in the ceilometer and

of this Saharan dust plume has also a strong

LIDAR measurements, only a slight time shift is

effect on the columnar measurements, as will be

observed due to the different zenith (observation)

discussed in the following Sect. 6.5.5.

angles of both instruments (see Fig. 6.1).
The dust plume is detected by the in-situ

6.5.5 Columnar observations

instruments at the JFJ on 9 July 2010 at around

The Sun- and aureole spectrometer systems

8 am. The scattering coefficient at 550 nm and

FUBISS-ASA1 and ASA2, as well as the preci-

absorption coefficient at 590 nm increase signif-

sion filter radiometers (PFR) can only measure

icantly as the plume arrives (Fig. 6.7a). The

under clear sky conditions, i.e. if no cloud is

spectral properties clearly change as well, as

present between the Sun and the detector of the

can be seen by the Ångström exponent of the

instrument. The AOD measured at the KLS (by

single scattering albedo αω0 (Fig. 6.7b), which

FUBISS-ASA2), at the JFJ (by the PFR), and

turns negative for the first 24 h pointing towards

retrieved from SEVIRI and MODIS are shown

an enlarged coarse mode fraction and a reddish

in Fig. 6.9b. Since the AOD of ASA1 and ASA2

color of the particles.

agree within a few percent, only AOD data
from ASA2 is being used in the following. Valid

The normalized surface size distribution together

measurements at the KLS were available mainly

with the surface area concentration is shown in

during the morning and early afternoon hours.

Fig. 6.7c. The plume period is clearly characterized by an increased coarse mode fraction,

The AOD at the KLS is about a factor 1.2

which slowly disappears. The presence of coarse

to 4.5 higher compared to the AOD measured at

mode particles is observed for a longer time

the JFJ. A higher difference is typically found

in the size distribution measurements (almost

for times when the PBL does not reach the

72 h) in contrast to αω0 , where the fine mode

JFJ (see Fig. 6.9a, where the average ceilometer

particles begin to dominate the value of αω0

profiles are shown for comparison). On 7 July

already after 24 h. The SDE detection method

2010, very clean conditions prevailed at the sites

using αω0 , as proposed by Collaud Coen et al.

with AOD’s below 0.1 (at λ =500 nm). On 9 and

(2004), could therefore miss periods with an

10 July 2010, the Saharan dust plume arrives

SDE influence due to an enlarged fine mode.

at the site and AOD values of the Sun pho80
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Figure 6.7: A strong Saharan dust event was observed by different in-situ and remote sensing instrumentations. (a)(c) are in-situ measurements at the Jungfraujoch station. (a) Dry scattering (green line) and absorption
coefficient (orange line); (b) The Ångström exponent of the single scattering albedo (Saharan dust index);
(c) Normalized surface size distribution measured by the SMPS and OPC (see color code), the mean surface
area is shown as well (magenta line); (d) Range corrected signal (RCS) of the ceilometer; (e) Depolarization
ratio measured by the LIDAR. Ceilometer and LIDAR measured from the Kleine Scheidegg. Horizontal
magenta line: altitude of the Jungfraujoch at 3580 m a.s.l.

tometers increase significantly to up to 0.3. The

The AOD retrieved from MODIS and SEVIRI

dominance and the large extent in the vertical

is added to Fig. 6.9b and Fig. 6.9c as well.

distribution is well captured by the ceilometer

A meaningful AOD retrieval is only possible

(Fig. 6.9a). For the following days, the AOD’s

for cloud- and snow-free pixels. An average

decrease slowly, while the Saharan dust plume

of a 0.2◦ × 0.2◦ square (≈16 km×16 km) has

dilutes. A diurnal cycle of the AOD with an

been chosen for the satellite measurements to

increase during the later hours is clearly detected

guarantee a sufficient number of data points

by all instruments for the 12 and 14 July 2010,

for the time series. This is justified by the low

which might be caused by the development of

standard deviation of the satellite retrieval for

the PBL (e.g. by an increase in RH and aerosol

that area. SEVIRI is on board of a geostationary

hygroscopic growth and/or lifting of aerosol

satellite and has a temporal resolution of 15 min,

loaden air). The PFR measurements at the JFJ

while MODIS is installed on two polar orbiting

were not always available during the same times

satellites (Terra and Aqua) which measures

as the KLS measurements due to small and

twice a day at mid-latitudes. The satellite mea-

patchy clouds surrounding the JFJ station (see

surements are of the same magnitude and show

Fig. 6.4d and Sect. 6.5.3 above).

a very similar temporal evolution of the AOD as
the Sun photometers at the KLS and the JFJ.
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Figure 6.8: Maps of daily averaged aerosol optical depth (AOD) retrieved from SEVIRI measurements for the time period
of the Saharan dust event (8 - 11 July 2010) over Switzerland and neighboring countries. White areas are
cloud and/or snow covered areas. The magenta cross denotes location of the JFJ/KLS.

Especially the increase of the AOD due to the

to Eq. 6.8) of the columnar measurements is

Saharan dust is clearly observed by the satellite

depicted in Fig. 6.9c. At the beginning of the

measurements. Also the diurnal cycle on 12 and

IOP, the value of αAOD lies at around 2, indicat-

14 July 2010 is clearly captured by SEVIRI

ing the dominance of the fine mode of the aerosol

and partially by MODIS Terra and Aqua. In

size distribution. The very low AOD especially

general, the AOD’s are higher than the ground

on 7 July 2010 caused a high standard deviation

based Sun photometer measurements, which

(of the 15 min mean values) and scattering of

is reasonable due to the complex terrain. The

the data points. On the day of the Saharan

satellite products generally sense a larger col-

dust arrival, αAOD clearly drops to small values,

umn including lower areas around the JFJ/KLS,

indicating the presence of coarse mode particles.

e.g. surrounding valleys with enhanced aerosol
loads. Another error source could be the fixed

In the following 3-4 days, the values smoothly

aerosol model as an assumption in the SEVIRI

increases and recovers to the typical background

retrieval. This is probably not well justified for

value of 2 again. For comparison, the Ångström

high loads of dust particles as for example in the

exponent of the (dry) aerosol scattering coeffi-

case of the SDE.

cient σsp measured in-situ by the nephelometer
at the JFJ is added in Fig. 6.9c. It shows the

The Ångström exponent αAOD (determined

same trend and a similar magnitude as the

by fitting the measured AOD spectra according

columnar measurements, although it has to be
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Figure 6.9: Time series of remote sensing measurements (15-min averages during cloud-free daytime periods, error bars
denote the standard deviation). (a) Range corrected signal of the ceilometer (Kleine Scheidegg, KLS); (b)
Aerosol optical depth (AOD) measured by FUBISS-ASA2 (Kleine Scheidegg, dark blue bullet points), by
the Sun photometer of MeteoSwiss (Jungfraujoch, cyan bullet points), and retrieved from MODIS Terra and
Aqua (squares), and MSG/SEVIRI (violet diamonds); (c) Ångström exponent measured by the instruments
as in (b); (d) Aureole index aui (at λ =500 nm) of FUBISS-ASA2; (e) Spectral slope of aui. No aureole
data is available for 10/11 July 2010. Indicated is also the arrival of a Saharan dust plume on 9 July 2010.
The satellite values are averaged over an 0.2◦ ×0.2◦ area.

treated with care, since it represents a point

uncertain (L. Remer, pers. comm.).

measurement at dry conditions, which will
differ from the ambient and columnar values. A

As mentioned above, the two aureole mea-

larger in-situ value on 7 July 2010 can also be

surements of FUBISS-ASA2 allow to determine

explained by the fact that σsp is measured dry

further intensive aerosol parameters. The aui

and the resulting smaller size will mainly cause

(Eq. 6.9) and its spectral behavior (slope)

a larger value of α. However, the dominance

deliver an additional and easily accessible

of the Saharan dust is observed in the in-situ

information on the aerosol type, without any

measurements as well. The Ångström exponent

difficult measurement geometries and complex

retrieved by MODIS Terra and Aqua also follows

inversion schemes which are difficult to perform

a similar trend and magnitude as the Sun

e.g. during aircraft measurements. The measured

photometer measurements, this might be due

aui and its spectral slope (determined by a linear

to coincidence and/or the dominance of the

regression) are shown in Fig. 6.9d and e. The aui

Saharan dust over the Alps, since the MODIS

increases and the spectral slope of aui decreases

retrieval of α especially over mountains is highly

for the periods when the aerosol was dominated
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large uncertainties due to the assumptions on

by the Saharan dust plume.

the refractive index and particle shape. One task
On 10 and 11 July 2010 (first two hours)

was to investigate the agreement between the

the two aureole spectrometer signals were

in-situ measurements of the aerosol extinction

partially saturated due to the largely increased

coefficient measured at the Jungfraujoch (after

forward scattering and can therefore not be

transformation to ambient conditions) and

analyzed. Nevertheless, the change in aui and its

retrieved by profile measurements of a LIDAR.

spectral slope is clearly seen on 9 July 2010 when

In general, a good agreement was found for

the Saharan dust plume arrived at the site. To

the LIDAR retrieval at the height of the JFJ

demonstrate the additional information content

compared to direct in-situ measurements (e.g.,

of aui, Zieger et al. (2007) performed Mie

R2 ≈0.6, slope 0.9-1.1, intercept 0-0.5·10−5 m−1

calculations to model aui for different aerosol

for LR=45-75 sr and ambient RH<80 %). A

type examples. It was found that coarse mode

significant positive effect of including direct

dominated aerosol types, like maritime and also

measurements of the scattering enhancement

mineral dust, showed a negative spectral slope

by a humidified nephelometer was only seen for

of aui and where also characterized by trend

certain cases but could not be generally observed

with larger values of aui compared to fine mode

for the entire period. This was probably due to

dominated aerosol types like continental or

strong differences in the local relative humidity,

urban ones. During the SDE, the aui increased

caused by orographic effects which are especially

and the slope turned to a negative one, as

present in mountainous regions. The comparison

predicted.

of the integrated LIDAR profiles with Sun
photometer measurements showed a good agreement (R2 ≈ 0.63-0.64, slope 0.99-1.12, intercept
0.009-0.017 for four different LR=45-75 sr).

6.6 Conclusions
The CLACE 2010 campaign provided a unique

The spatial and temporal development of a

dataset of aerosol optical and microphysical

strong Saharan dust plume was observed over

properties measured by means of various remote

several days by all instruments. This enabled us

sensing and in-situ techniques. During the two-

to also include coarse mode dust particles in our

week intensive observation period in summer

study which are only occasionally present at the

2010 different aerosol types, ranging from free

Jungfraujoch. The dust plume had a clear and

tropospheric to long-range transported mineral

strong effect on the satellite retrievals, which

dust, were sampled at the Jungfraujoch (JFJ,

agreed surprisingly well with the Sun photometer

3580 m a.s.l.) and the Kleine Scheidegg (KLS,

measurements bearing in mind the difficulties of

2060 m a.s.l.) in the Swiss Alps. A special set-up

satellite retrievals over mountainous regions. The

allowed the positioning of the remote instru-

diurnal cycle of the aerosol optical properties

ments about 1.5 km below the Jungfraujoch with

and the dominant effect of the Saharan dust

a direct view towards the station.

were consistently observed by both techniques.
Remaining differences between satellite and local

The main goal was to check for consistency

measurements are probably due to the complex

of the very different measurement techniques

mountainous terrain, the averaging effect of the

but also to assess the spatial variability of

satellite pixels and simplifications in the satellite

aerosol optical properties around the JFJ. Mie

aerosol retrieval schemes in general. An aureole

calculations showed the consistency within the

spectrometer system, which is usually mounted

in-situ measurements at the JFJ despite the
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on an airplane, observed the appearance of the

support and for lending the ceilometer. NILU is

Saharan dust by a change of the instrument

acknowledged for providing the FLEXTRA tra-

specific aureole index and its spectral behavior

jectories. We also acknowledge the MODIS mis-

which is used as a simple aerosol type indicator.

sion scientists and associated NASA personnel
for the production of the aerosol data (MOD08D3

measurements

and MYD08D3) used in this research effort.

are an important task to improve our knowledge

This work was financially supported by the EC-

on aerosols, their related processes and on

projects European Supersites for Atmospheric

climate research in general. For climatologies

Aerosol Research (EUSAAR, contract 026140)

however, their spatial and vertical distribution

and Global Earth Observation and Monitoring

should be considered as well, e.g. by installing

(GEOMON, contract 026140), as well as by the

continuous profiling techniques. A future aerosol

European Space Agency’s Climate Change Initia-

closure study could be improved by installing

tive (aerosol cci) and by MeteoSwiss within the

a multi-wavelength Raman LIDAR at the KLS

Global Atmosphere Watch programme (GAW) of

which can directly retrieve profiles of the aerosol

the World Meteorological Organization (WMO).

Continuous

aerosol

in-situ

extinction coefficient without any assumptions
on the LIDAR ratio. In addition, the zenith angle
should be larger with an improved positioning of
the LIDAR beam closer to the station if not the
columnar and rather the in-situ measurements
are being compared. A comparison of Sun
photometer retrieval of size distribution and
other optical parameters (Dubovik and King;
2000) with in-situ data (at ambient conditions)
is another important task to perform within a
future study. For a long-term closure study of the
in-situ optical and microphysical measurements,
non-spherical calculations like discrete dipole
approximation should be used instead of Mie
theory to account for the non-spherical mineral
dust transported to the JFJ.
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measured in Jülich were about 500 m lower than

7 Conclusions and Outlook

the cirrus detected at the other measurement

7.1 Conclusions

sites.

We have developed an automatic algorithm,

(b) How do mid-latitude cirrus clouds influence

FLICA, to evaluate the largest current available

the radiation budget?

mid-latitude cirrus climatology based on 13000
hours of lidar measurements at three different

Previous studies agree that cirrus clouds have

sites. This data enable us to address the ques-

a net warming effect on the atmosphere. Using

tions presented in section 1.1. The main conclu-

our lidar data and the radiation model of Corti

sions are summarized here:

and Peter (2009), we evaluated the radiative
effect of cirrus clouds at our measurement sites.

(a) How frequently do cirrus clouds occur in the

Our studies confirm the warming effect of cirrus

mid-latitudes and what is their optical thick-

clouds. We find a net effect of 1 Wm−2 for

ness and vertical distribution?

Zürich and Jülich, and of 0.9 Wm−2 for the

Our lidar measurements suggest that the mean

Jungfraujoch measurements; the difference can

cirrus coverage above Jungfraujoch, Zürich

be explained by differences in cloud thickness.

and JÃ¼lich, is about 14%. This agrees well
with the global findings of Sassen et al. (2008)

Cirrus observed at Jungfraujoch were notably

using CALIPSO data. For all measurement sites,

thinner than observed at the other two sites,

Jungfraujoch, Zürich and Jülich, we find the low-

therefore showed a smaller radiative effect. The

est cirrus coverage in summertime. The season

1.3 Wm−2 found by Chen et al. (2000) from

with highest cirrus coverage differs for all sites,

global satellite measurements lie within the

presumably depending on the different weather

uncertainties of the values retrieved at Zürich

situations and topography of the measurement

and Jülich. However, although the net effect

sites. The mean optical thicknesses of the clouds

is in good agreement with Chen et al. (2000),

measured in Zürich and Jülich have mean values

the radiative effect within the cirrus clouds

of 0.13 and 0.15, respectively. On Jungfraujoch,

measured in our study is higher.

thinner cirrus clouds with a mean optical depth
of 0.12 were measured. Due to its unique location

Because the radiative effect mainly depends

at 3580 m a.s.l., Jungfraujoch is an excellent site

on the optical depth and the cloud top temper-

to measure subvisible cirrus clouds. At cirrus

ature, the difference in values can be explained

altitude, much higher signal-to-noise ratios are

by differences in the properties of the measured

reached then above the other two sites, which

clouds. We also characterized the radiative effect

makes it possible to detect thinner cirrus clouds.

according to the different categories of optical

The cirrus detected above Jungfraujoch show a

thickness proposed by Sassen and Cho (1992)

larger fraction of detected subvisible clouds as

and found that thin, opaque clouds have the

compared to the other two sites.

most significant influence on the cirrus cloud
radiative forcing. In contrast, subvisible cirrus

On average, cloud tops observed on Jungfraujoch

clouds only account for a mean effect of 4%

and in Zürich were situated at 10.7. km a.s.l.;

of the net radiative forcing at Jungfraujoch,

in Jülich, cloudtops were located at 10.3 km

and for 3% at the other measurement sites.

a.s.l.. We found mean cloudbases at 9.8, 9.9

These clouds are neglected in climate models,

and 9.4 km a.s.l. on Jungfraujoch, in Zürich

as their optical depths are so thin, but their

and in Jülich, respectively. Thus, cirrus clouds

radiative effect is indeed small compared to that
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of optically thicker cirrus clouds which justifies

with a frequency of 5 minutes; in this way,

this negligence.

small-scale features of the underlying orography
are fully picked up, although transient features

(c) What are the factors determining the phys-

in wind fields on the sub-5-minute scale are not.

ical and optical properties of cirrus clouds?

With these techniques, trajectories are obtained

How sensitive are they to these factors?

with properties and temperature fluctuations
very similar to those of the online trajectories.

Lagrangian cirrus modeling requires input tra-

However, the phases may be slightly shifted,

jectory data including wind fields, temperature,

which leads to different nucleation locations. For

pressure, the initial H2 O mixing ratio, and the

temporal resolutions coarser than 5 minutes, it

number density of heterogeneous ice nuclei. The

is necessary to superimpose small-scale temper-

sensitivities of the simulated cirrus clouds to the

ature fluctuations to obtain simulations similar

uncertainty of the input trajectory data were

to the measured profiles.

assessed using the microphysical model ZOMM
(Luo et al.; 2003a;b). We used the best available

As a further uncertainty, the sensitivity of

resolved trajectory data with a timestep of 20 s,

the initial humidity on the simulated cloud

based on the state-of-the-art regional numerical

profiles was assessed. For this assessment,a quiet

weather prediction model (NWP) COSMO-2

day and a more turbulent day were examined.

with 2.2 km grid spacing.. Twenty seconds

The initial humidity alters the position and

corresponds to the timestep of the underlying

magnitude of the cirrus cloud for our quiet case,

NWP, which requires the trajectories to be

but only alters the magnitude of the simulated

calculated online during the run of the NWP.

cirrus cloud for the examined active day.

offline

using

(d) Can we combine lidar observations and

Davies;

1997)

model simulations to determine the possible

with different temporal resolutions. We find that

number density of heterogeneous ice nuclei?

We

calculated

LAGRANTO

trajectories

(Wernli

and

the input trajectory data has a strong influence

To assess the uncertainties in Lagrangian mod-

on the simulated profiles. Using trajectories with

eling, we performed model simulations with ice

a temporal resolution of 20 s, the measured

nuclei concentrations ranging from 0 to 100 L−1 .

profiles can be reproduced without superimpos-

Simulations using 0 to 20 L−1 result in very sim-

ing small-scale temperature fluctuations. This

ilar profiles. For IN concentrations larger than

demonstrates that it is possible to resolve micro-

50 L−1 , multiple nucleation events take place.

physical cloud processes on a NWP model grid

As a result, modeled cirrus cloud profiles devi-

provided the temporal resolution is sufficiently

ate significantly from the measured ones. This

high, at least for the case of weak wave activity

was also the case for a more active day, that

which we treat here.

was examined with offline trajectories. Thus, this
case study suggests that the number of INs is less

For future microphysical modeling studies,

than 50 L−1 for the examined cases, which agrees

we suggest using NWP output data with a

well with measurements of background IN con-

temporal resolution of 5 minutes or better,

centrations in the mid-latitudes (e.g. Haag and

if data with a spatial grid size of 2.2 km are

Kärcher; 2004; ?; DeMott et al.; 2010).

used. The output from the trajectory tool,
e.g. LAGRANTO, should then be used with a

(e) What are the optical properties of mid-

temporal resolution of 1 minute, even though

latitude aerosols and how well do they agree

the supporting NWP fields are only renewed

with other measurements?
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The optical properties of mid-latitude aerosols
were examined during the CLACE2010 campaign. At Jungfraujoch (3580 m a.s.l.), a humidified nephelometer measured in-situ extinction;
at Kleine Scheidegg (2060 m a.s.l.), a lidar was
tilted towards Jungfraujoch and used to measure the same property via remote-sensing. All
instruments detected Saharan dust passing over
Jungfraujoch during the observation period. The
analysis shows a good agreement between the
extinction measurements of both instruments.
Deviations in the values are mainly the result of
strong humidity changes over small spatial scales.
This analysis supports the credibility of our evaluation algorithm.
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influence the Earth’s radiation budget. Although

7.2 Outlook

climate predictions can only be performed with

Many interesting issues remain to be solved

climate models, our lidar measurements can be

before we can fully understand cirrus formation.

used to evaluate the current mid-latitude cirrus

In order to correctly parameterize cirrus clouds

coverage in climate models and ensure that they

in climate models, it is necessary to fully under-

are modeled correctly.

stand the processes that lead to cirrus formation.
Although other cloud types have a larger impact
on the radiation budget, cirrus clouds play an
important role as they warm the climate and
thus enhance the greenhouse effect.
Cirrus clouds are formed when the critical
supersaturation for nucleation is exceeded. This
is determined by the small-scale temperature
fluctuations, which are defined by the vertical
wind spectrum. In this study, we developed a
technique to calculate appropriate small-scale
temperature fluctuations for each single trajectory. The PSD of the temperature fluctuations
from aircraft measurements were scaled to each
individual trajectory.
However, the aircraft measurement took place at
another time and place than our simulated cases.
To fully understand how models represent the
vertical wind spectrum, it would be interesting
to simulate the time and region where aircraft
measurements took place. Using a numerical
weather prediction model at high temporal and
spatial resolution would show how well the
modeled spectra agree with the measured ones.
Further, the lidar measurements showed to
be highly suitable to asses cirrus cloud properties. Using the FLICA algorithm developed
in this thesis, we easily evaluated a large lidar
data set. It would therefore be interesting to
extend this climatology by several more years
and use the FLICA algorithm to conduct a
more robust analysis of seasonal differences.
Most importantly, algorithms like FLICA help
us assess how cirrus coverage and cirrus properties will alter in the future. Combined with
a radiation model, they tell us how this will
90
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site: (a) Ångström exponent of the dry scattering coefficient; (b) Ångström exponent
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A Appendix
A.1 List of Abbreviations
AERONET

AErosol RObotic NETwork

ALPEX

Alpine Experiment

AOD

Aerosol Optical Depth

APSC

Advanced Particle Simulation Code

BAMEX

Bow Echo and Mesoscale Convective Vortex Experiment

BSR

backscatter ratio

C

Celsius

CALIPSO

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations

CLACE

CLoud and Aerosol Characterization Experiment

COSMO

Consortium for small-scale Modeling

CRF

Cloud Radiative Forcing

DryNeph

(dry) nephelometer

FLEXPART
FLEXTRA
FLICA

Fast LIdar Cirrus Algorithm

FOV

Field of View

FUBISS-ASA

Free University Berlin Integrated Spectrographic System -Aureole and Sun Adapter

FZJ

Forschungszentrum Jülich

GAW

Global Atmospheric Watch

HFSJG

International Foundation High Altitude Research Stations Jungfraujoch and Gornergrat

H-TDMA

hygroscopicity tandem differential mobility analyzer

IAC

Institute for Atmospheric and Climate Science

IN

Ice Nuclei

INCA

Interhemispheric Differences in Cirrus Properties From Anthropogenic Emissions

ITCZ

Inter Tropical Convergence Zone

JFJ

Jungfraujoch

JUL

Jülich

K

Kelvin

KLS

Kleine Scheidegg

LAGRANTO

Lagrangian Analysis Tool

LIDAR

Light Detection and Ranging

LR

Lidar Ratio

LW

Longwave

m a.s.l.

Meters above sea level

m.ü.M

Meter über Meer

MACPEX

Midlatitude Airborne Cirrus Properties Experiment

MAID

Model for Aerosol and Ice Dynamics

MAX-DOAS

Multi-Axis Differential Optical Absorption Spectroscopy

MODIS

Moderate Resolution Imaging Spectroradiometer
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NILU

Norsk institutt for luftforskning (Norwegian Institude for Air Research)

NWP

Numerical Weather Prediction

OPC

Optical Particle Counter

P

Pressure

PBL

Planetary Boundary Layer

PFR

precision filter radiometer

PSD

power spectral density

RH

relative humidity

RHi

relative humidity with respect to ice

SAL

Structure (S), Amplitude (A), and Location (L)

SDE

Saharan Dust Event

SEVIRI

Spinning Enhanced Visible and InfraRed Imager

Si

Ice Saturation Ratio

SMPS

Scanning Mobility Particle Sizer

SUCCESS

Subsonic Aircraft: Contrail and Cloud Effects Special Study

SW

Shortwave

T

Temperature

THYGAN

Thermo-HYGrometer-ANetz

UTC

Universal Time, Coordinated

WetNeph

Humidified nephelometer

WMO

World Meteorological Organization

WRF

Weather Research and Forecast

ZOMM

Zurich Optical and Microphysical box Model

ZRH

Zürich
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A.2 Lidar specifications
Angular Accuracy

0.1◦

Beam Divergence

≈ 0.25mrad

Data Format

ASCII

Electronics Size

48 × 50 × 30 cm

Electronics Weight

20 kg

Field of View

≈ 1.5 mrad

Filter Width

0.5 nm

Laser Type

Nd:Yag

Optical Head Size

70 × 16 × 20 cm

Optical Head Weight

16 kg

Power Consumption

550 W (max)

Power Supply

100-240 V AC / 50-60 Hz

Pulse Duration

4ns

Pulse Energy (output)

16 mJ

Pulse Repetition Rate

20 Hz

Range

15 m- 20 km

Scanning Range Azimuth

360◦

Scanning Range Zenith

0-90◦

Vertical resolution

1.5 m

Wavelength (emitted)

355 nm
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A.3 Variables obtained in the Lidar data
Variable

Description

AOD

Aerosol Optical Depth

AlphaMolecular

Molecular Exctinction

Units

Depends
time

Coefficient at 355 nm

m

range

altitude

site altitude (ASL)

m

time

azimuth

Azimuth Angle

degrees

time

background

Background

counts/µs*m2

time

Backscatter

Backscattering coefficient

m−1 sr−1

time, range

BetaMolecular

Molecular Backscattering
m

range

volts

time, range

volts

time, range

Coefficient at 355 nm
Const

Instrumental constant

corrfa

Conversion value

CRD para

Calibrated Raw signal
parallel channel

CRD perp

Calibrated Raw signal
perpendicular channel

day

Day

time

latitude

Site Latitude

degrees

time

Lidar Ratio

Lidar Ratio

sr

time

longitude

Site Longitude

degrees

time

month

Month

nrb

Normalized Relative

time

Backscatter

counts/µs*m2

time, range

nrberr

Signal error per bin

counts/µs*m2

time, range

Nrbperp

Range corrected signal
counts/µs*m2

range

counts/µs*m2

time, range

m

time

perpendicular channel
Nrbperperr

Range corrected signal
error perpendicular channel

PBL Height

Planetary Boundary
Layer Height

PDR

Particle Depolarization Ratio

pressure

Atmospheric Pressure

time, range

at Ground Level

mbar

time

range

Range from Instrument

m

range

Range Bin Resolution

Resolution

m

time

time

day of the year

day of the year

time

wavelength

wavelength

nm

year

Year

zenith

Zenith Angle

time
degrees

100
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A.4 Solving the lidar equation
To retrieve the optical properties of the cloud particles and aerosols, the lidar equation defined in eq.
3.1 as:
−2

Rr
r0

[κm (r

|

r2 P (r) = C[βm (r) + βp (r)]e
|

{z

0

) + κp (r0 )] dr0
{z

}

extinction

(A.1)

}

backscatter

needs to be solved. We solve it as described in Kovalev and Eichinger (2004), chapter 5. First, we
define a synthetic extinction coefficient as:
κw (r) = Lp (r)βm (r) + Lp (r)βp (r) = Lp (r)βm (r) + κp (r)

(A.2)

Secondly, we define a transformation function:


Y (r) = Lp (r) exp −2

Lp (r0 )
κm (r )
−1
Lm

Z r
r0

0





dr

0



(A.3)

The transformed signal Z(r) is defined by:


Z(r) = r P (r)Y (r) = Cκw (r) exp −2
2

Z r
r0

0

κw (r ) dr

0



This particular form of the transformed signal Z(r) allows us to express κw algebraically using Z(r)
and its range integral. Integrating Z from r0 to r and solving for κw (r) yields:
Z r
r0

C
1 − exp −2
2




Z(r0 ) dr0 =

Z r

κw (r) =

r0

0

0

[βm Lp (r ) + κp (r )] dr

0



Z(r)
C − 2 r0 Z(r0 ) dr0
Rr

(A.4)

Using a far-end boundary condition as described in Klett (1981) enables us to derive a stable solution
for κw (r):
κw (r) =

Z(r)
Z(rb )
κw (rb )

+2

R rb
r

Z(r0 ) dr0

(A.5)

With this expression, we can now calculate the particulate extinction (in km−1 ) as:
σ p = κw − L p · β m

(A.6)

The aerosol backscatter (in km−1 sr−1 ) is:
βp =

σp
Lp

(A.7)

Finally, we calculate the aerosol backscatter ratio as:
ABSR =

101

βp
βm

(A.8)
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surements of cirrus clouds in the north-

Lidar, nephelometer, and in situ aerosol exper-

ern and southern midlatitudes during INCA

iments in southern Ontario, J. Geophys. Res.,

(55◦ N, 53◦ S): A comparative study, Geo-

101, 19 199–19 209, 1996.

physical Research Letters, 29, 56–1–56–4,
doi:10.1029/2002GL015077, URL http://dx.

Hogan, R. J.: Fast Lidar and Radar Multiple-

doi.org/10.1029/2002GL015077, 2002.

Scattering Models. Part I: Small-Angle Scattering Using the Photon Variance-Covariance

Jensen, E. J., Toon, O. B., Westphal, D. L.,

Method, Journal of the Atmospheric Sciences,

Kinne, S., and Heymsfield, A. J.: Microphys-

65, 3621–3635, doi:10.1175/2008JAS2642.1,

ical modeling of cirrus: 1. Comparison with

2008.

1986 FIRE IFO measurements, Journal of Geo-

Holben, B., Eck, T., Slutsker, I., Tanre, D., Buis,

physical Research: Atmospheres, 99, 10 421–

J., Setzer, A., Vermote, E., Reagan, J., Kauf-

10 442, doi:10.1029/93JD02334, URL http://

man, Y., Nakajia, T., Lavenu, F., Jankowiak,

dx.doi.org/10.1029/93JD02334, 1994a.

I., and Smirnov, A.: AERONET - A feder-

Jensen, E. J., Toon, O. B., Westphal, D. L.,

ated instrument network and data archive for

Kinne, S., and Heymsfield, A. J.: Microphysical

aerosol characterization, Remote Sens. Envi-

modeling of cirrus: 2. Sensitivity studies, Jour-

ron., 66, 1–6, 1998.

nal of Geophysical Research: Atmospheres, 99,
10 443–10 454, doi:10.1029/94JD00226, URL

Holton, J. R., Haynes, P. H., McIntyre,
M. E., Douglass, A. R., Rood, R. B.,

http://dx.doi.org/10.1029/94JD00226,

and

1994b.

Pfister,

L.:

Stratosphere-troposphere

exchange,

Reviews

of

Geophysics,

403–439,

doi:10.1029/95RG02097,

Jensen,

33,

E.

J.,

Toon,

O.

B.,

Kinne,

S.,

Sachse, G. W., Anderson, B. E., Chan,

URL

http://dx.doi.org/10.1029/95RG02097,

K. R., Twohy, C. H., Gandrud, B., Heyms-

1995.

field, A., and Miake-Lye, R. C.: Environ-
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system for airborne measurements of aerosol

A. M., Asmi, E., Sellegri, K., Depuy, R., Ven-

optical properties, Appl. Opt., 46, 8542–8552,

zac, H., Villani, P., Laj, P., Aalto, P., Ogren,

doi:10.1364/AO.46.008542, 2007.

J. A., Swietlicki, E., Roldin, P., Williams, P.,

Zieger, P., Weingartner, E., Henzing, J., Moer-
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from Zürich, Jülich, and the high alpine research station Jungfraujoch, Atmos. Chem. Phys. Disc.,
doi:10.5194/acp-2016-32, 2016.
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