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ABSTRACT

Cirrus clouds play an important role in the radiation balance of the atmosphere as they
can have a warming and cooling effect. The resulting net radiation effect depends on
their micro- and macrophysical properties such as particle size, shape, and number
concentration. The net warming or cooling effect of clouds is still one of the biggest
uncertainties, for example in climate models. For weather and climate models and re-
mote sensing retrievals, precise knowledge of micro- and macrophysical cloud prop-
erties is therefore necessary. This is true in particular for Arctic cirrus clouds, where we
still lack data and need better understanding. Yet, climate change affects high latitudes
stronger than other regions. Thus, more knowledge about micro- and macrophysical
properties of Arctic cirrus clouds is needed urgently.

The focus of this thesis is on the retrieval of physical particle properties of Arctic
ice clouds. Balloon-borne in-situ measurements with concurrent lidar measurements
have been performed in Kiruna in winter. The Balloon-borne Ice Cloud Particle Imager
(B-ICI) takes images of ice particles directly inside the cloud. After recovery, the images
are analysed to gain information about particle shape, size, area, and number concen-
tration and to determine the extinction coefficient.

Whenever possible, concurrent lidar measurements have supplemented the balloon-
borne measurements. Due to balloon drift, there is a spatial and temporal distance be-
tween B-ICI and lidar. Hence, both instruments do not sample a cloud at the same time
and place. Taking into account the wind speed, it is possible to determine the time of li-
dar observation at which the cloud segment probed by balloon was closest to the lidar.
However, cloud homogeneity has to be assumed. The results from B-ICI are compared
to extinction coefficients and depolarization ratios obtained from lidar measurements.
Measurement results from B-ICI and lidar measurements are, despite the spatial and
temporal distance, very similar and thus comparable. Clouds consisting of small and
compact particles have a smaller extinction coefficient and depolarization ratio than
clouds which consist of large, complex-shaped particles.

For each cloud that has been measured, the cloud origin, i.e. its formation process
is determined with the help of back-trajectory modelling. With that, it can be studied
if particle properties depend on cloud origin. This analysis reveals that particle size
and shape exhibit strong differences with respect to the formation process. If ice par-
ticles have been formed via the liquid droplet phase, they can grow to large sizes and
into complex shapes. If, however, they have been formed directly from vapour or su-
percooled solutions, they are smaller and most often compact in shape. Hence, it is
possible to predict the formation process if size distribution and predominant particle
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shapes are known. Or inversely, size distribution and shapes can be predicted by know-
ing the formation process. To account for these differences, a new parametrization for
particle size distribution is given that depends on the formation process.

While the cloud formation process is depending on temperature, supersaturation,
and updraught speed, it should not depend on latitude. In fact, comparing results from
Arctic measurements with measurements from other latitudes similarities are recog-
nizable. For example, the new parametrization for particle size distributions of Arctic
cirrus clouds depending on formation processes and an established parametrization
for midlatitude cirrus depending on particle size are very similar. Thus, this thesis and
the attached papers will not just provide better information about the particle proper-
ties of Arctic ice clouds, it can also be used to improve weather and climate models for
all latitudes.
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SAMMANFATTNING

Cirrusmoln spelar en viktig roll i atmosfärens strålningsbalans eftersom de kan ha en
värmande eller kylande effekt. Den resulterande nettostrålningseffekten beror på de-
ras mikro- och makrofysikaliska egenskaper, såsom partiklarnas storlek, form och kon-
centration. Till vilken grad molnen totalt skulle ha en uppvärmande eller nedkylande
effekt är emellertid fortfarande en av de största osäkerheterna i klimatmodellerna. För
väder- och klimatmodeller och fjärranalysretrieval är det nödvändigt med exakt kun-
skap om dessa egenskaper. Detta gäller i synnerhet för arktiska cirrusmoln, där vi fort-
farande har mindre data och kunskaper. Klimatförändringen är också starkare i höga
breddgrader än i andra regioner. Således krävs mer kunskap om mikro- och makro-
fysikaliska egenskaper av arktiska cirrusmoln.

Denna avhandling fokuserar på partikelegenskaper av arktiska ismoln. Ballong-
burna in-situ mätningar med samtidiga lidarmätningar har utförts i Kiruna under vin-
tern. Den ballongburna Ice Cloud partikelavbildaren (Balloon-borne Ice Cloud Par-
ticle Imager B-ICI) tar bilder av ispartiklar direkt i molnet. Efter bärgning av instru-
mentet analyseras bilderna för att få information om partikelform, storlek, area och
koncentration samt för att bestämma extinktionskoefficienten.

När det är möjligt har samtidiga lidarmätningar kompletterat de ballongburna mät-
ningarna. Eftersomballongexperimentet driver med vinden finns det ett rumsligt och
temporärt avstånd mellan B-ICI och lidar. Därför kan inte båda instrument studera
ett moln på samma tid och plats. Med hänsyn till vindhastigheten är det möjligt att
bestämma tidpunkten för lidarobservation då molnsegmentet som undersökts med
ballongen var närmast lidarn. Detta under antagendet att molnsegmentet vid denna
tidpunkt hade en homogen sammasättning. Resultaten från B-ICI jämförs med extink-
tionskoefficienten och depolarisationsförhållandet som erhållits från lidarmätningar.
B-ICI och lidarmätningar ger, trots det rumsliga och tidsmässiga avståndet, likartade
resultat och är sålunda jämförbara. Små och kompakta partiklar har en mindre ex-
tinktionskoefficient och ett mindre depolarisationsförmåga än stora komplexformade
partiklar.

För varje moln som har uppmätts bestäms molnets ursprung, d.v.s. dess bildningspro-
cess med hjälp av ’back-trajectory’ modellering, och dessentom om partikelegenskaperna
beror på molnets ursprung. Denna analys avslöjar att partikelstorlek och form up-
pvisar stora skillnader beroende på bildningsprocessen. Om ispartiklar har bildats
via underkylda vattendroppar kan de växa sig stora och till komplexa former. Om de
emellertid har bildats direkt från vattenånga eller superkylda lösningar, är de mindre
och oftast av kompakt form. Därmed är det möjligt att bestämma bildningsprocessen
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om storleksfördelning och dominerande partikelformer är kända. Eller omvänt kan
storleksfördelning och former förutspås i fall bildningsprocessen är känd. För att re-
dovisa dessa skillnader ges en ny parametrisering för fördelningen av partikelstorlek
beroende på bildningsprocessen.

Även om molnbildningsprocessen beror på temperatur, mängd av vattenånga och
vertikal vind, bör det inte bero på latitud. Resultat från arktiska mätningar och mät-
ningar från andra breddgrader kan därför jämföras. Till exempel är den nya parametris-
eringen för fördelningar av partikelstorlek i arktiska cirrusmoln som beror på bild-
ningsprocesser, mycket likt en i litteraturen etablerad parametrisering för midlatitude
cirrus där parametrisiering beror på partikelstorlek. Således kommer denna avhan-
dling och de bifogade artiklarna inte bara att ge bättre information om partikelegen-
skaperna hos arktiska ismoln, utan dessa kan också användas för att förbättra väder-
och klimatmodeller för alla breddgrader.
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CHAPTER 1

Introduction

In the recent decades, the climate has changed significantly. The trend of the glob-
ally averaged surface temperature is 0.7 ◦C to 0.9 ◦C for 1901 – 2017 and 1.5 ◦C to 1.8 ◦C
for 1975 – 2017 (Blunden and Arndt, 2018). The last twenty years have seen ten of the
warmest years since continuous weather data recording, of which four have been since
2014. Glaciers, ice sheets, and Arctic sea ice extent are decreasing. Oceans are warming
up and sea level is increasing. The scientific consensus is that climate change is mostly
anthropogenically driven and that global warming will continue because of a increas-
ing concentration of trace gases like carbon dioxide or methane in the atmosphere.
Global measurements and complex climate models, which simulate processes and in-
teractions between atmosphere, oceans, and land, serve as a base for this scientific
consensus. The models are only a simplified representation of reality and are depen-
dent on descriptions of complex physical processes and interactions within and be-
tween different geospheres. For realistic model results, the processes and interactions
need to be understood and implemented. Many processes and interactions are already
well-described; others, however, are more uncertain and thus need to be known and
parametrised in better ways. One example is the influence of clouds and aerosols on
the radiative balance in the atmosphere which is not well understood yet (Stocker et al.,
2013). Clouds consisting of ice particles are particularly poorly described in models.
This is especially the case for Arctic ice clouds, where few measurements have been car-
ried out due to poor accessibility. Climate change effects are stronger in these latitudes
than in other regions (Solomon et al., 2007; Blunden and Arndt, 2018). Therefore, more
ice cloud measurements and analysis are needed to improve the parametrizations of
cloud interactions in climate models.

Ice clouds consist of ice particles and in the case of this thesis is used as a synonym
for cirrus clouds and completely glaciated, previously mixed-phase clouds. Ice clouds
can have a warming and cooling effect (Freeman and Liou, 1979; Liou, 1986; Platt, 1989;
Kienast-Sjögren et al., 2016). The resulting net radiative effect depends on their micro-
and macrophysical properties. These clouds occur frequently (10 % - 50 %, accord-
ing to Heymsfield et al. (2017)), thus they influence the radiation balance significantly
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and have a large impact on climate (Liou, 1986; Sassen and Comstock, 2001). Accu-
rate knowledge of micro- and macrophysical ice cloud properties are important for a
more precise parametrization in models (Schlimme et al., 2005; Tang et al., 2017; Gu
et al., 2011). For example, particle shape and size distribution information are needed
to calculate the radiant fluxes. Thus, retrievals for remote sensing methods as well as
weather and climate models can be improved using newly gained knowledge.

Microphysical, macrophysical, and optical properties of ice clouds depend on am-
bient conditions (temperature, available water vapour, number of ice nuclei), dynami-
cal conditions (front systems, waves), and formation processes (heterogeneous or ho-
mogeneous ice nucleation) (e.g., Lynch, 2002; Spichtinger et al., 2005; Krämer et al.,
2016; Heymsfield et al., 2016, and references therein). Ice particles can form in differ-
ent ways, either from supercooled water droplets or aerosol solutions, with or without
ice nuclei. The formation processes depend on temperature, saturation, number of ice
nuclei, and vertical velocity. The ice formation processes are independent of location.

For parametrising ice cloud properties, it is important to understand the relation-
ship between particle properties and their dependencies on ambient conditions, dy-
namical conditions, and formation processes. Therefore, clouds have been classified
according to ambient conditions, dynamical conditions, or cloud origin (e.g., Lynch,
2002; Spichtinger et al., 2005; Krämer et al., 2016; Heymsfield et al., 2016, and refer-
ences therein). Cloud origin, is a classification based on formation processes. Cirrus
clouds can be either in situ origin or liquid origin (Krämer et al., 2016; Luebke et al.,
2016; Wernli et al., 2016). In case of in situ origin, the ice particles have formed below
−38 ◦C from aerosol solutions or water vapour. For liquid origin, the ice particles have
formed from supercooled water droplets. Classification by cloud origin is independent
of geographical regions as the formation processes are the same everywhere. However,
when classifying clouds according to ambient or dynamical conditions, it is possible
that clouds of both origins with (accordingly) different formation processes are con-
tained in similar ambient or dynamical conditions. Thus, the differences in particle
properties of clouds might be better described by cloud origin than by ambient condi-
tions, or dynamical situations.

The particle properties are ice particle size, area, and shape. Ice particles can vary
in size between few micrometres up to a few millimetres large and can have different
shapes, e.g. compact, columnar, and irregular. Cloud base, top, geometrical thick-
ness, occurrence frequency, particle number concentration, and ice water content are
macrophysical properties of ice clouds. Observed number concentrations are between
a few and thousands per liter (Krämer et al., 2009). Very high particle number concen-
trations can be found in connection with high updraught velocities, e.g. in convective
clouds or waves (Lohmann and Kärcher, 2002; Field et al., 2001). Optical properties,
for example, are the extinction coefficient, backscatter coefficient, optical depth, and
transmission.

Ice clouds have been measured in-situ and remotely from ground and space to
analyse their properties. Many of the measurement campaigns have been conducted
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in tropics and mid-latitudes. Fewer measurements have been performed above Arctic
regions. Moreover, most of these Arctic campaigns have been focused on trace gases,
polar stratospheric clouds, or mixed-phase clouds. Some Arctic campaigns, in which
cirrus clouds have been analysed, are POLSTAR (Schiller et al., 1999), FIRE-ACE (Ger-
ber et al., 2000; Lawson et al., 2001), INTACC (Hegg and Noone, 2005; Field et al., 2001;
Bailey and Hallett, 2012), ASTAR (Gayet et al., 2007; Lampert et al., 2009; Hoffmann
et al., 2009; Lampert et al., 2010), M-PACE Verlinde et al. (2007); McFarquhar et al.
(2007); Mcfarquhar et al. (2013), and ISDAC (McFarquhar et al., 2011).

Most of the measurement campaigns were aircraft measurements. Their main ad-
vantage is, that it is possible to sample many clouds horizontally and at some different
cloud levels. The shattering problem, due to high flight speed, have been minimised
thanks to new inlet design and calculation algorithms since 2014 (Korolev et al., 2013;
Jackson et al., 2014). Another problem with aircraft measurements is that tempera-
ture and pressure at instrument inlets are influenced by the compression of the air un-
der the wings; therefore, calculated number concentration, must be corrected to cor-
respond to the undisturbed environmental conditions (Weigel et al., 2016). Balloon-
borne measurements do not suffer these problems. The main advantage of balloon-
borne measurements is a high spatial resolution when sampling cloud profiles. Also,
balloon-borne measurements are less expensive than aircraft measurements. How-
ever, with one single balloon measurement, only one cloud profile can be captured.
Thus, horizontally inhomogeneities cannot be studied. Fewer particles are sampled
with a single balloon measurement, as aircraft measurements can be hours long and
thus cover a larger cloud volume.

For this thesis, balloon-borne in-situ measurements have been conducted in win-
ter above Kiruna. The payload has been the Balloon-borne Ice Cloud Particle Imager
(B-ICI) and a radiosonde. B-ICI takes images of ice particles directly inside the cloud,
thus, particle size, cross-sectional area, shape, and number concentration can be cal-
culated. Furthermore, the geometrical cloud thickness and extinction coefficient can
be derived. The balloon-borne measurements have been supplemented by lidar mea-
surements when possible. Lidar measurements provide temporal and vertical infor-
mation about cloud geometric thickness, depolarization ratio, backscatter coefficient,
and extinction coefficient. However, it is impossible to obtain particle properties such
as size, shape, cross-sectional area, and number concentration.

Despite worldwide performed measurements, many things are still uncertain, not
understood, or unknown. This thesis and appended papers aim to help answering the
following two research questions:

• What are the typical particle properties of Arctic ice clouds?
The proportion of small particles in clouds is still uncertain. Particle size dis-
tributions from earlier aircraft measurements must be considered with caution
for particles smaller than 200µm, as they show a positive bias to smaller parti-
cles due to shattering (Baumgardner et al., 2017; Jackson et al., 2014; McFarquhar
et al., 2017). Size distributions show strong differences depending on temper-
ature, location, formation mechanism, updraught strength, aerosol concentra-
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tion, and other environmental conditions (Heymsfield et al., 2013; Delanoë et al.,
2005). Thus, more measurements are needed in connection to these conditions
to find characteristic size distributions for them, so that they can be parametrised
accordingly. Furthermore, there are uncertainties regarding the particle shape
distribution for smaller particles. However, this information is needed to under-
stand the radiation properties of clouds (Vogelmann and Ackerman, 1995; Mc-
Farquhar et al., 2002).

We analysed Arctic ice cloud particle properties like size, shape, and number con-
centration depending on cloud origin, and described our findings in appended
Paper II. We found significant differences in particle size and shape correspond-
ing to cloud origin. Therefore, we present in Paper IV new parametrizations for
size distributions.

• What can we learn from concurrent in-situ and remote sensing measurements?
As particle size and shape distribution of small particles are still uncertain, they
had to be assumed for models. However, modelled optical properties (with as-
sumed particle properties) are different from measured optical properties (Um
and McFarquhar, 2007; Garrett, 2008; Baran, 2012). Takano and Liou (1995); Guasta
(2001); McFarquhar et al. (2002); Noel et al. (2004); You et al. (2006); Iwabuchi
et al. (2012); Masuda and Ishimoto (2017) showed, how different particle prop-
erties can influence optical properties.

For Paper I and III, we used concurrent B-ICI and lidar measurements which
complement each other. Thus, we could gain information about how optical
properties retrieved from lidar are influenced by particle properties.

This thesis gives a brief overview of the physical background which needs to be
known to understand the results and conclusions drawn in the appended papers. It
also explains the measurement and data analysis. In the end, there is a summary of
the appended papers, conclusions, and an outlook.
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CHAPTER 2

Background

This chapter will provide background information to understand the appended ar-
ticles. It is divided into two sections. The first section gives a brief explanation about
what climate is, what climate models are, and how clouds can influence the climate.
This information is needed to understand the big picture. In the second section, the
formation of clouds and ice particles and their properties are explained. In this sec-
tion, the details are described which are needed to understand the conclusions in the
appended articles.

2.1 Climate, Models, and Cloud Impact

2.1.1 Climate and Climate Models

In the introduction it is mentioned that climate is changing and that models are used
to predict future climate change. Though, what is climate? Before we can define cli-
mate, we have to know what weather is. Weather describes the atmospheric status,
like temperature, pressure, and humidity, of a location at a specified time. Climate
is a long time statistical average (normally 30 years) of these atmospheric parameters
(Stocker et al., 2013). Thus, typical values can be given for a region and time. For ex-
ample in Kiruna, the mean minimum temperature is −19 ◦C in January, and the mean
maximum temperature is 7 ◦C in July (http://worldweather.wmo.int). Weather and cli-
mate are mostly driven by the incident solar radiation (Trenberth et al., 2009), which
heats up the earth’s surface and atmosphere. This incident radiation varies depending
on the time of the year and location and leads to horizontal temperature differences.
Due to the temperature differences, pressure differences arise resulting in motion of
air mass in the atmosphere. However, the climate system consists of five different geo-
spheres (atmosphere, hydrosphere, lithosphere, biosphere, and cryosphere) which act
on different scales and interact. Thus, changes in one geosphere can lead to changes
in other geospheres. The climate on earth can be described by a radiative balance be-
tween incoming solar radiation and outgoing terrestrial radiation. In climate models,
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descriptions of different radiation forces are implemented to predict the radiation bal-
ance.

Climate models are used to simulate possible scenarios of climate change. These
models are based on a set of equations and parametrizations. Depending on the scale
and research subject there are different models for describing processes and interac-
tions in one geosphere or between geospheres (Stocker et al., 2013). The small and
large scale processes and interactions need to be understood, parametrised and in-
cluded in the different models. Some processes and interactions are already well de-
scribed. Others are not well understood yet and need to be improved.

Coupled Atmosphere-Ocean General Circulation Models are the most comprehen-
sive models right now describing the climate system. In climate models, cloud feed-
backs remain the largest source of uncertainty (Stocker et al., 2013). Also on a small
scale knowledge about cloud properties like particle size is needed to determine ice
cloud properties, such as ice water content from remote sensing instruments. This
thesis and appended papers aims at helping to improve parametrizations for cloud
properties to reduce the uncertainties in the different models.

2.1.2 Radiation Balance and Impact of Cirrus Clouds

The atmospheric radiation balance is influenced by solar incident radiation, the ter-
restrial radiation, and emission and absorption of gases, aerosols, and clouds in the
atmosphere. There are several excellent text books describing atmospheric radiation
balance and atmospheric optics e.g. Goody and Yung (1989); Petty (2006). Balancing
incident solar radiation to earth without the atmosphere would lead to a much colder
average earth temperature than it is. For this balance calculation, we assume that the
sun and earth are blackbodies. A blackbody is a body, which completely absorbs and
emits light of all wavelengths. Then, the total radiation energies can be calculated with
the Stefan-Boltzmann law

I =σT 4 (2.1)

where σ is the Stefan–Boltzmann constant (σ= 5.670280 · 10−8 Wm−2K−4) and T the
temperature.

Calculating the total radiation energy from the sun (5776 K) and taking the distance
between earth and sun into account results into the solar constant 1368 Wm−2. How-
ever, due to that the sun only can illuminate a hemisphere of the earth and the cur-
vature on surface, the averaged incident solar radiation is 342 Wm−2. Balancing this
incoming energy to the earth without atmosphere/clouds/aerosol the resulting tem-
perature would be 279 K (6 ◦C). This, is lower than the average air temperature (288 K,
15 ◦C) on earth. However, as the earth reflects around 30 % of the incident sun light the
resulting temperature would be even lower 255 K (−18 ◦C). This temperature is 33 K
lower than the average air temperature on earth. Thus, clouds and aerosols, water
vapour and other trace gases, in the atmosphere have a large impact on the atmo-
spheric radiation balance. The annual and global energy fluxes, are listed in Fig. 2.1.
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Figure 2.1: Schematic representation of the radiant fluxes. Incoming short-wave solar radia-
tion is represented by purple arrows and outgoing long-wave earth radiation by red arrows. To
the left, the warming effect of the clouds is shown and to the right the cooling effect, respec-
tively. The numbers are the annual and global averaged radiative flux densities of the integrated
solar and terrestrial broadband spectra (Trenberth et al., 2009).

Clouds, in general, play a very important role on the radiative balance. However,
cirrus clouds can have a warming and cooling effect (Freeman and Liou, 1979; Liou,
1986; Platt, 1989; Kienast-Sjögren et al., 2016). Cirrus clouds transmit incident short-
wave solar radiation to the earth and absorb some of the earth’s long-wave radiation.
Due to their lower temperature compared to the earth’s surface, cirrus clouds emit less
energy, as can be seen from Stefan–Boltzmann law. Thus, cirrus can warm by cloud
greenhouse forcing. Simultaneously, cirrus clouds have a cooling effect by reflecting
incident radiation directly back to space.

The net radiation effect of cirrus clouds depends on their macro- and microphysi-
cal properties such as cloud geometrical and optical depth, particle number, size, and
shape (e.g., Comstock et al., 2008; Heymsfield et al., 2017, and references therein). Cir-
rus clouds with lower optical depth transmit more sun light than cirrus clouds with
higher ones, which are more reflective. Thus, the former usually lead to a positive
(warming) and the latter to a negative (cooling) net effect. Zhang et al. (1999) show,
with the help of model studies, that particle shape and size have a strong influence on
the net effect of ice cloud. They concluded that cirrus clouds, which consist of many,
tiny particles (Dmax < 25µm), have a cooling effect of atmosphere. Cirrus clouds with
larger particles, however, have a warming effect of atmosphere. Cirrus clouds consist-
ing of non-spherical particles have a larger albedo than those consisting of spherical
particles. Thus, a ice cloud consisting of spherical particles would heat more than one
consisting of non-spherical particles.
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2.1.3 Scattering and Atmospheric Optics

There are three components, which are needed to describe atmospheric optics, the
source, the interaction medium, and the receiver.

The first component is the light source. Every blackbody emits electromagnetic
waves. The wavelength λ of the maximum radiation of a blackbody is described by
Wien’s displacement law

λ =
2.897810−3m

T
(2.2)

where T is the temperature in K.
The sun is the light source of nearly all optical effects in the atmosphere with the

maximum radiation in the visible light spectra approximately 500 nm. In the case of ac-
tive remote sensing, instruments for example lidars emit a defined wavelength. Typical
wavelengths for lidars are 1064 nm, 532 nm, and 355 nm (Weitkamp, 2005).

Interactions on particles or gases in the atmosphere are the second component. In-
teractions can be scattering (reflection, refraction, diffraction) and absorption. These
interactions depend on particle properties like size, shape, and number concentration.
In case of ice particles which are much larger than the wavelength of visible light, the
extinction (sum of scattering and absorption) can be described by geometrical optics
(Petty, 2006). The extinction efficiency is the normalisation of the extinction cross-
section with the geometric, projected cross-section of the particle. It is equal to two in
the geometrical optics approximation.

The receiver can be the human eye, antennas and telescopes from remote sensing
instruments.

2.2 Formation and Properties of Ice Clouds and Particles

2.2.1 Cloud Types

Atmospheric clouds can be classified into several classes according to their height and
temperature (Lynch, 2002). The temperature usually decreases with increasing height
in the troposphere; thus, low-level clouds usually consist of water droplets, and fur-
ther up are mixed-phase clouds. Clouds in the upper troposphere, at a temperature
below −30 ◦C, are called cirrus and consist of ice particles almost exclusively (Heyms-
field et al., 2017). Other ice clouds (polar stratospheric clouds and noctilucent clouds)
can be found even higher in the stratosphere or mesosphere respectively. However, in
this thesis, I focus mainly on cirrus clouds and some completely glaciated, previously
mixed-phase clouds.

Weather observers sort cirrus clouds into different genera according to their ap-
pearance. These cloud genera are defined in the international cloud atlas of the World
Meteorological Organization (https://cloudatlas.wmo.int). There are detached, fibrous
looking clouds (Cirrus), then patches or layers of cirrus clouds that look like grains or
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ripples (Cirrocumulus), or uniform foggy looking veil clouds (Cirrostratus). In cirro-
stratus different halos can occur frequently. Halos are caused by ice particles refracting
and reflecting light under specific angles (see Fig. 2.2). The clouds studied for this the-
sis were mostly Cirrostratus. However, I will not differentiate between these different
cirrus cloud genera, but maybe in future a connection between cloud origin and cloud
genera could be of interest.

Sun Dog 

Sun Dog 

22° Ring 

Upper Tangent Arc 

Parhelic Circle 

Figure 2.2: Photo of cirrus clouds with Sun Dogs, 22◦ ring halo, and parts of a parhelic circle
and upper tangent arc, Kiruna, 3r d April 2019.

Cirrus clouds are very often translucent, which means that the sun can be seen
through them. However, some cirrus clouds, mostly in tropics, are optically thick and
opaque. Also, subvisible cirrus clouds exist, which are invisible to the naked eye and
can only be detected with the help of remote sensing methods. Cirrus clouds occur
very frequently, on average 10 % - 50 % worldwide, in northern polar regions 20 % – 45 %,
and in southern polar regions on average 25 % (e.g., Heymsfield et al., 2017, and refer-
ences therein). They can have large horizontal extension and be geometrically thick
up to a few kilometres. Cloud frequency, geometrical thickness, and height decrease
on average from the equator to the poles. Even if the clouds are less thick, frequent,
or high in polar regions than in tropics, they play an important role in the radiation
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balance and climate, because they are probably more often net warming and thus can
contribute to a stronger climate change in polar regions.

2.2.2 Cloud Formation

Ice particles can form at temperatures below 0 ◦C and supersaturation with respect to
ice. They can form in different ways, either from supercooled water droplets, aerosol
solutions, or water vapour, with or without ice nuclei. Particle formation using solid
ice nuclei (IN) is called heterogeneous nucleation. Nucleation without a solid IN is
called homogeneous nucleation. Ice clouds are called in situ origin, in the case, that
ice particle formed from water vapour or supercooled aerosol solution at temperatures
below −38 ◦C. When ice particles are frozen water droplets, the clouds are of liquid
origin. Ice particles can also form via secondary ice processes. Secondary ice processes
are less important for in situ origin cirrus (Cantrell and Heymsfield, 2005). However,
they can occur in liquid origin cirrus. Nucleation and freezing processes are described
in detail by Pruppacher et al. (e.g. 1998); Rogers and Yau (e.g. 1989).

2.2.2.1 Supersaturation

In the atmosphere, water occurs in all three phases, vapour, liquid, and ice. The equi-
librium between vapour and liquid depends on temperature and vapour pressure and
is described by the Clausius–Clapeyron relation

d E∞
d T

=
L

T∆v
(2.3)

Where E∞ for flat surfaces is the saturated pressure, L is heat of
vapourisation/sublimation, T is temperature in K, and ∆v is the difference between
specific volumes. This equation has to be integrated to derive E∞. As L and ∆v are
functions of temperature, they need to be known, and analytical solutions for the Clau-
sius–Clapeyron equation are approximations in certain temperature ranges. One can
assume that∆v is equal to vg a s , as vl i q ui d is much smaller than vg a s . Thus,∆v can be
calculated by the ideal gas law

vg a s =
Rv T

E∞
(2.4)

Where vg a s is the specific volume of vapour, Rv is the specific gas constant of water
vapour (462 Jkg−1K−1). Numerical solutions for E∞ have been derived from measure-
ments for example by (Sonntag, 1994).

The saturated pressure is defined as the equilibrium pressure between two phases
(ice/vapour, water/vapour). The equilibrium depends on the molecule bonding of ice
(water). At the ice-vapour (water -vapour) surface, there is an exchange of molecules.
When more molecules go over from vapour to ice (water), it is called deposition (con-
densation). The relative humidity is the ratio of vapour pressure and saturated pres-
sure, and so a measure of saturation. When the vapour pressure is higher (lower) than
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the saturated pressure, it is called supersaturation (sub saturation). The saturated pres-
sures between vapour and ice/ water have been numerically calculated using the for-
mula from Sonntag (1994) and are shown in Fig. 2.3. The saturated pressure with re-
spect to ice is lower than the saturated pressure with respect to water. Hence, at the
same temperature saturation with respect to ice is higher than with respect to water.
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Figure 2.3: Numerically calculated saturated pressure between vapour and ice (red line) and
between vapour and water (blue line) using the formula from Sonntag (1994).

For the equilibrium between water/solution droplet and vapour, the curvature and
the kind of solution influences the saturation pressure. With increasing curvature the
molecule bonding decreases. Thus, smaller droplets have a higher saturation pressure
than large ones, because more molecules can escape from the small droplet. Thus,
the (super)saturation with respect to small droplets is lower than with respect to large
droplets. Solutions and solid nuclei (aerosols) can decrease the saturation pressure
of droplets. Thus, the (super)saturation with respect to solutions is higher than the
(super)saturation with respect to water.

Relative humidity increases, for given specific humidity (ratio of mass of water vapour
in g and mass of air in kg ), with decreasing temperature in an air parcel. Such cool-
ing can occur, for example by adiabatic cooling through lifting or mixing with another
cooler air parcel. If the cooling is sufficient, saturation and eventually oversaturation
can be achieved. Lifting is realised for example in connection with frontal systems
when warm air rises over cold air. Orography offers another lifting possibility when an
air stream has to flow across the mountains. A further process, which lead to cooling
is radiative cooling.
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2.2.2.2 Ice Nucleation Processes and Growth

At temperatures below 0 ◦C and supersaturation (with respect to ice) ice particles can
form. The particles can form either from supercooled water droplets, solutions, or
vapour. Ice particles can form either by primary nucleation processes or by secondary
ice processes. Primary processes can be divided into homogeneous and heteroge-
neous ice nucleation. The homogeneous and heterogeneous nucleation processes are
depicted in Fig. 2.4.

IN 

T < -38°C 
RHi >140% 

IN 

IN IN 

IN IN 

IN IN IN 

Heterogeneous Nucleation:  
T < 0°C,  RHi: 100-140% 

Immersion/ Condensation Freezing 

Deposition Nucleation 

Contact Freezing 

Homogeneous Nucleation:  
T < -38°C,  RHi: 140-170% 

Figure 2.4: Illustration of the different ways of ice nucleation depending on temperature and
supersaturation, from top to bottom: immersion/condensation freezing of droplets with ice
nuclei, deposition nucleation of water vapour on ice nuclei, contact freezing of droplet collid-
ing with ice nuclei, and homogeneous freezing of water droplets and solutions.

Below−38 ◦C supercooled water droplets and solutions can freeze homogeneously
spontaneously (Fig. 2.4 bottom) and ice nuclei (IN) are not required (Koop et al., 2000).
However, the supersaturation needs to be higher than in the case of heterogeneous
freezing, otherwise very small droplets will evaporate before freezing. Homogeneous
freezing depends on temperature and updraught velocity (Lohmann and Kärcher, 2002;
Koop et al., 2000).

Ice particles can nucleate heterogeneously at temperatures warmer than −38 ◦C.
However, for heterogeneous nucleation ice nuclei are required. There are three het-
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erogeneous nucleation processes. The first process is Immersion/Condensation freez-
ing (Fig. 2.4 top); a solid nucleus is inside a water droplet, and the water droplet starts
freezing triggered by the nucleus. In the case of deposition nucleation (Fig. 2.4 second),
the second process, water molecules deposit on a dry ice nucleus. The third process,
contact freezing (Fig. 2.4 third), is by supercooled droplets colliding with an aerosol
particle acting as contact nucleus. Immersion/condensation freezing and deposition
freezing are the dominant processes for cirrus clouds (Lohmann and Kärcher, 2002).

Heterogeneous nucleation processes depend on ice nuclei properties such as IN
type, size, and shape (Kulkarni and Dobbie, 2010). Murray et al. (2012) showed that
between 0 ◦C and −10 ◦C bacteria are important IN, and at lower temperatures dust,
ash, and pollen dominate ice nucleation. However, it is still not fully understood what
properties of an aerosol particle make it a good IN (Kanji et al., 2017). The number of
ice nuclei is limited and decreases with height (Costa et al., 2017). Also, less ice nuclei
are available at high latitudes.

Heterogeneous nucleation is the dominant process, as it is possible at a higher tem-
perature and lower supersaturation (Cziczo et al., 2013). In general, supercooled water
droplets freeze heterogeneously. Homogeneous freezing at temperatures below−38 ◦C
is mostly found in strong updraughts, i.e. convection, especially in the tropics. At weak
updraughts, most of the supercooled water droplets are already frozen before such cold
temperatures are reached which are needed for homogeneous freezing because wa-
ter droplets had time to freeze heterogeneously. In addition, particles could form due
to secondary ice processes, and particles grow at the expense of supercooled water
droplets (Costa et al., 2017). However, in polar regions there are fewer IN available,
thus clouds can contain liquid water over longer time.

Secondary nucleation processes play a role in mixed-phase clouds. New ice parti-
cles can form from rime splintering, fragmentation during evaporation, and collision
of existing ice particles. However, it is not well understood, which mechanism is most
important at which atmospheric condition, and which ice production rates (Field et al.,
2017).

Similar to nucleation, ice growth depends on temperature, pressure, and relative
humidity. While the particles grow by diffusion and deposition they take up available
water vapour; and thus, supersaturation decreases. At the same time temperature may
increase due release of latent heat. Particles may grow into large sizes, and heavy par-
ticles may precipitate. In mixed-phase cloud regimes, ice particles can grow at the
expense of supercooled water droplets as the saturation with respect to water is lower
than with respect to ice, so that droplets evaporate and act as source of water vapour for
growing ice particles. In this cloud regime, particles can grow by riming, that means
supercooled water droplets freeze on ice particles (upon colliding with them) (Kanji
et al., 2017; Costa et al., 2017; Field et al., 2017).
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2.2.2.3 Cirrus Origin

Classifying cirrus by their origin is a so-called cloud process-oriented classification.
The two cloud origins, in situ and liquid, are depicted in Fig. 2.5. This classification is
described in detail by Krämer et al. (2016), Wernli et al. (2016), and Luebke et al. (2016).
In the case of in situ origin the ice particles are formed by homogeneous freezing of so-
lution droplets and deposition of vapour. At the height where these clouds form, less
water vapour exists due to low temperatures. Therefore, only small and often compact
particles are formed (Wolf et al., 2018). Liquid origin clouds are formed at a tempera-
ture above−38 ◦C, and rise into cirrus clouds height. The ice particles are frozen water
droplets, by heterogeneous or homogeneous freezing. As the clouds are formed, at a
lower altitude the temperature is higher and more water vapour is available. There-
fore, particles can grow to larger sizes and into complex shapes (Wolf et al., 2018).
Wernli et al. (2016) showed that in storm tracks above the Northern Atlantic in situ
origin clouds are more frequent than clouds with liquid origin. Yet, fewer in situ origin
cirrus have been measured and analysed until now (Wolf et al., 2019b). Most tropical or
midlatitudes observations have been dominated by liquid origin cirrus. Thus, uncer-
tainties related to cirrus clouds in models might be attributed to under-representation
of in situ origin cirrus clouds in parametrization which can lead for example to too
broad size distributions.

In Situ Origin Liquid Origin 
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Lifting into  
cirrus cloud regime 

Freezing of aerosol particles 

Mixed-phase cloud regime 
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Figure 2.5: Figure adapted from Krämer et al. (2016) and Luebke et al. (2016), classification of
cloud origin with the corresponding nucleation processes and temperature threshold −38 ◦C.

2.2.3 Cloud and Particle Properties

Microphysical and macrophysical properties depend on temperature, saturation, ice
nuclei number, and updraught conditions during the formation process and cloud
evolution (e.g., Comstock et al., 2008, and references therein). Therefore, ice clouds
and particles can exhibit different properties. Since these properties determine the
radiation effect of clouds, they must be known so that they can be parametrised and
included in models.
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2.2.3.1 Cloud Height

The geometrical thickness of a cloud is defined as the extent from the cloud base to
the cloud top, and the average height is the mean of the cloud extent. Temperature
and tropopause height is lower with increasing latitude; thus, cloud base and cloud
top are at lower altitudes compared to low latitudes. Typical values for cloud base are
between 6.5 and 10 km, and most clouds are between 1.5 and 3 km geometrically thick
(Sassen and Campbell, 2001; Sassen and Comstock, 2001). Cloud top can reach the
tropopause, which in midlatitudes is at 11 km, and in tropics up to 18 km. Generally,
in situ origin cirrus clouds are higher and thinner than liquid origin cirrus clouds.

2.2.3.2 Number Concentration

Cirrus clouds consist of ice particles. Typical number concentrations (n) vary between
5 and 10 000 L−1 (Krämer et al., 2009). The number concentration depends on the nu-
cleation process and speed of updraughts.

In the case of heterogeneous nucleation, the number of particles depends on the
number of ice nuclei (IN). In the atmosphere, there is a limited number of IN, which
decrease with increasing altitude. As in situ origin clouds are formed in higher altitudes
than liquid origin clouds the number concentration in in situ origin cirrus is smaller
than the number concentration in liquid origin cirrus (Luebke et al., 2016; Krämer et al.,
2016). Also, the number of IN in polar regions is smaller than in other latitudes (Costa
et al., 2017). Hence, the number concentration of cirrus formed by heterogeneous nu-
cleation or freezing will be smaller in the high latitudes than in the midlatitudes or
tropics.

In the case of homogeneous freezing, the number concentration depends on tem-
perature, supersaturation (RHi > 140 %), and speed of updraughts. In the case of slow
updraughts (< 10 cms−1), the resulting ice particle number concentration is lower than
in the case of heterogeneous nucleation. Due to the following processes, less water
vapour and supercooled water and solution droplets are available to freeze homoge-
neously. In slow updraughts, supercooled water and solution droplets have time to
nucleate heterogeneously, as for heterogeneous nucleation lower supersaturation and
a higher temperature is sufficient (Costa et al., 2017). Thus, available water vapour,
and the number of supercooled water and solution droplets are reduced. The het-
erogeneously generated ice particles may grow into large sizes and precipitate. Other
processes, which are mentioned in Sect. 2.2.2.2, also lead to a decrease of supercooled
water and solution droplets, and decreasing supersaturation. Additionally, a low con-
centration is caused by the competition for the little water vapour that is available.
However, strong updraughts (> 10 cms−1) can lift an air parcel fast to very low tem-
peratures and very high supersaturations. Thus, strong updraughts can trigger ho-
mogeneous freezing of many supercooled water and solution droplets (Lohmann and
Kärcher, 2002; Field et al., 2001).

Other processes which can change number concentration, are rime splintering,
fragmentation during evaporation, and collision of particles. These processes occur
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more frequently in mixed-phase clouds than in cirrus (Cantrell and Heymsfield, 2005).
Also, radiative cooling at cloud top can lead to generation of particles (Ramaswamy and
Detwiler, 1986; Fusina and Spichtinger, 2010), and radiative heating of the cloud base
can lead to turbulence and updraughts and thus also to more ice particles (Garrett,
2008; Durran et al., 2009). Furthermore, the particle number concentration depends
on the state of the cloud. Newly formed clouds will have a higher particle number con-
centration than dissolving clouds where particles precipitate or sublimate.

2.2.3.3 Particle Size

As ice particles can have very complex shapes, it is difficult to define a particle size.
Thus, there are different particle size definitions in use (see for example Wu and Mc-
Farquhar, 2016, and references therein). One size definition is called the maximum
dimension (Dmax). The maximum dimension is the diameter of the smallest circle en-
closing a particle completely. Another way to define size is by using the area equivalent
diameter. It corresponds to the diameter of the circle having the same area as the cross-
sectional area of the particle. The maximum dimension is commonly used in articles
describing in-situ measurements. Thus, the main reason to use maximum dimension
is comparability with other studies. However, modellers prefer the use of area equiva-
lent diameter because this size measure better describes the real volume-surface ratio,
thus also the ice water content, or extinction coefficient. The maximum dimension
overestimates these values and would result in false fall velocities for example (from
conversations with modellers).

Ice particles in cirrus can have sizes between fewµm up to a few mm. In Sect. 2.2.2.2
the particle growth processes are described. Particles can grow larger if more water
vapour is available, which is usually at lower altitudes. Large and sufficiently heavy
particles precipitate. Particles in subsaturation sublimate, and their size decreases.
Particles of in situ origin are typically smaller than particles of liquid origin as they are
formed at higher altitudes where less water vapour is available (Luebke et al., 2016;
Wolf et al., 2018).

Better knowledge of particle size distributions (PSD) is important for weather and
climate models, as well as for remote sensing retrievals (Schlimme et al., 2005; Gu et al.,
2011). Measuring the PSDs of each cloud is not feasible. Thus, parametrizations of
PSDs for different cloud types are necessary. For this purpose, many measurement
campaigns worldwide have been conducted, mainly in the tropics and midlatitudes.
Gamma, lognormal, or exponential functions which describe best the measured PSDs
have been determined. Subsequently, fit coefficients have been derived, analysed, and
parametrised as a function of temperature.

Tian et al. (2010) and Wolf et al. (2019b) showed that lognormal functions describe
measured PSDs better than gamma functions. Jackson et al. (2015); Mcfarquhar et al.
(2015) recommend using ellipsoids instead of linear or exponential functions for de-
scribing fit coefficients as they scatter very much. However, because of historical rea-
sons, gamma functions are the basis for established parametrizations, and linear or
exponential coefficient fits are commonly used.
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Parametrizations depending on temperature and weather condition are given by
Heymsfield et al. (2002); Schmitt and Heymsfield (2009); Tian et al. (2010); Heymsfield
et al. (2013); Muhlbauer et al. (2014); Jackson et al. (2015); Mcfarquhar et al. (2015).
Furthermore, Muhlbauer et al. (2014) implemented a parametrization considering two
particle size modes. They distinguished between large (> 100µm) and small particles.
Additionally, a new parametrization of high latitude cirrus clouds depending on their
origin is given by Wolf et al. (2019b).

2.2.3.4 Particle Shape

Every single ice particle looks different. However, the underlying crystal structure is
that of hexagonal ice, which results from the angles between the hydrogen atoms and
the connecting bridges between the oxygen atoms. Depending on formation process,
temperature, and supersaturation they can be classified into shape groups (Bailey and
Hallett, 2009; Wolf et al., 2018). Typical shapes are compacts, columns, rosettes, and
plates. Droplets freeze as quasi-spherical small ice particles, (Järvinen et al., 2016).
However, very fine structures cannot be observed by imaging instruments as their im-
age resolution is too coarse. Columns and rosettes are very often hollow when they
grow fast in very high supersaturation (Bailey and Hallett, 2004, 2009). At a tempera-
ture below −38 ◦C less water vapour is available and particles have simpler shapes and
are predominantly compact. Particle shapes can change as particles can collide and
aggregate. Also, the shape can change if particles come in different temperature and
saturation regimes (Bailey and Hallett, 2012).

2.2.3.5 Ice Water Content

The ice water content (IWC) is the total mass of ice in a cloud. If the particle volume and
density are known, then IWC can be determined from number concentration. IWC can
vary many magnitudes and depends on temperature. Schiller et al. (2008) gave an IWC
range between 3 · 10−6 kgm−3 and 3 · 10−3 kgm−3 (10−3 up to 10+3 ppmv, T=−40 ◦C and
p= 300 hPa assumed) and IWC has an exponential decrease with decreasing tempera-
ture. IWC is an important parameter describing cloud microphysics. Like particle size
and shape, IWC is one of the most important microphysical parameters influencing
radiative heating. Therefore it is often derived, parametrised, and incorporated into
models.

2.2.3.6 Extinction Coefficient and Optical Depth

The extinction coefficient is the product of particle cross-sectional area and number
concentration and describes how much a cloud scatters and absorbs light. The opti-
cal depth is the integral of extinction coefficient over geometrical thickness, and is a
measure of how transparent a cloud is. Typical values for optical depth are between
0.1 and 10 (Deng and Mace, 2008). In the tropics, cirrus can become optically very
thick. Subvisual cirrus clouds are the exact opposite their optical thickness is less than
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0.03, thus they cannot be seen with naked eye (Spreitzer et al., 2017). The optical depth
influences the radiation balance. Optically thick clouds can have a cooling effect and
optically thin clouds have a warming effect (Comstock et al., 2008; Heymsfield et al.,
2017).

2.2.3.7 Backscatter Coefficient, Depolarization Ratio and Lidar Ratio

Optical properties which can be determined by lidar measurments are backscatter co-
efficient, extinction coefficient, backscatter ratio, depolarization ratio, and lidar ratio.
Thus, they can be observed with a high temporal and vertical spatial resolution. How-
ever, the optical properties of particles depend on their size, shape, and number, which
cannot be determined directly by lidar measurements. Thus a comparison between
in-situ and lidar measurements is of great interest and benefit.

The backscatter coefficient describes how much light is scattered under 180◦. Like
the extinction coefficient, it depends on number concentration and cross-sectional
area. The ratio of the total backscatter coefficient and the molecular backscatter coef-
ficient is called backscatter ratio.

The polarization of an incident light, which is in case of lidars a usually parallel po-
larized emitted light beam, can change due to scattering on particles and molecules.
The ratio between parallel and perpendicular backscattered light is called depolariza-
tion ratio. How much polarization of light change depends on particle size and shape.
Particles like columns have a depolarization ratio between 0.2 and 0.6 (Takano and
Liou, 1995; Noel et al., 2004; You et al., 2006), influenced by hollowness, roughness,
and deformation (Takano and Liou, 1995; Masuda and Ishimoto, 2017; Guasta, 2001).
Plates and compact particles have a depolarization ratio between 0.25 and 0.35.

The ratio between the extinction coefficient and backscatter coefficient is called li-
dar ratio and depends similar to depolarization ratio on particle size and shape. Typical
values for cirrus clouds are between 1 and 60 sr. Large and complex shaped particles
lead to a bigger lidar ratio than small and mostly compact particles (Takano and Liou,
1995; Gayet et al., 1996; Iwabuchi et al., 2012).
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CHAPTER 3

Measurements of Ice Clouds

In the previous Chapter, the importance of knowledge of ice cloud properties was
explained. Also, there was background information given, which is needed to under-
stand the results of the appended Papers. However, for deriving and subsequently
analysing properties of Arctic ice clouds, measurements have to be performed. In this
Chapter now the measurement instruments and data analysis will be introduced. The
appended articles are based on data from in-situ and remote sensing measurements of
Arctic cirrus clouds above Kiruna. Particle properties like number concentration, size,
and shape can be obtained by the Balloon-borne Ice Cloud Particle Imager
(B-ICI). Concurrent lidar measurements supply information about temporal evolu-
tion, geometrical thickness, backscattering, and depolarization of clouds. This Chap-
ter provides a description of the location, and explanations of the two measurement
principles together with the related data processing techniques.

3.1 Location and Climate

In the introduction, it is mentioned that we still lack detailed knowledge about Arc-
tic cirrus clouds. Such better understanding is important because impact of climate
change is particularly strong in high latitudes, and cirrus clouds play an important role
in it.

Our measurements have been performed above Kiruna. Kiruna is located at about
68◦N, 20◦ E. It lies north of the Arctic circle, and east of the Scandinavian mountains
(see Fig. 3.1). B-ICI has been launched with balloons from Esrange Space Center (ES-
RANGE), which is a rocket range and research centre 30 km east of Kiruna. There are
also a lidar and a wind profiler radar (ESRAD) located at ESRANGE. Another lidar is
stationed at the Swedish Institute of Space Physics (IRF, Kiruna).

The climate is subarctic. Balloon-measurements have been performed only in win-
ter when the payload is easier to recover. The temperature in winter can be very low
(down to −70 ◦C in the upper troposphere). Thus, it is possible to measure very cold
clouds. Weather in winter above Kiruna is influenced by the position of the planetary
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Figure 3.1: Map of Scandinavia showing Kiruna north of the Arctic Circle (from google maps).

Rossby waves and the corresponding low-pressure systems along the polar front. The
wind is mostly from westerly directions, across the mountain range. In such a case lee
waves can occur. These waves, with their related high vertical velocities, can influence
cloud properties.

3.2 Instruments

Data used for the appended papers originate from in-situ measurements (B-ICI and ra-
diosondes) and remote sensing measurements (lidars and ESRAD). The Balloon-borne
Ice Cloud Particle Imager is the heart piece of the measurements.
With B-ICI it is possible to measure in-situ microphysical and macrophysical prop-
erties of clouds. Therefore, B-ICI and the related data processing techniques will be
described in this section. For each balloon flight, a radiosonde (RS92 or RS41) from
Vaisala was attached to B-ICI. The radiosondes give information about height, tem-
perature, pressure, relative humidity, and wind. However, the radiosonde will not be
explained in this thesis. For more information about the radiosondes, visit the home-
page from Vaisala (www.vaisala.com). Whenever possible, lidar measurements have
been performed concurrently to the balloon measurements. Lidars provide informa-
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tion about cloud evolution, geometrical thickness, and optical properties. Also this
method and and related data processing will be described in the following part. Data
from ESRAD were used to get information about the dynamic state of the atmosphere.
Consequently, we could analyse if waves occurred or not. However, ESRAD will not be
described in this thesis. A detailed description of ESRAD is given by Kirkwood et al.
(2007).

3.2.1 Balloon-borne Ice Cloud particle Imager (B-ICI)

The main advantage of balloon-borne in-situ measurements is that it is possible to
obtain profiles of microphysical properties with high spatial resolution. The disad-
vantage is that there is no horizontal data coverage possible.

B-ICI has been developed and built at LTU. It is described in detail in Paper II, Kuhn
et al. (2013), and Kuhn and Heymsfield (2016). It consists of a sampling part and the
electronics. Fig. 3.2 shows the top view of B-ICI without the lid.

Inlet (3x3cm) 
 
CCD camera/ optics 
 
Oil coated film 
 
Motor 
 
Computer/ electronics 
 
 

Figure 3.2: Top view of the Balloon-Borne Ice Cloud Particle Imager (B-ICI) without lid. The
various components are labelled in the legend.
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During balloon ascent (ascending rate: 3 - 5 ms−1), particles fall into the inlet and
land on to an oil-coated film. The 4 m long oil-coated film moves at a constant speed
(1.1 mms−1) and carries the particles to a CCD camera near the inlet. The film is so
long that it is sufficient for a complete troposheric profile. Thus, a clean section of the
film is always used for sampling to avoid superposition of particles. Every second the
camera takes an image, which is saved on an sd card. At around 13 km the instrument
is cut off from the balloon and descends on a parachute. After recovery, images are
analysed at a PC. Image analysis has been done partly manually partly automatically
and it consists of three steps.

The first step is finding the particle edges and changing the images to black and
white (see Fig. 3.3). Finding the edge is done by hand as the following difficulties are
present (see Fig. 3.4):

• The background illumination is not uniform as the light source is a LED giving a
spot illumination.

• Shades and light reflections occur due to particles sinking into the oil.

• Particle facets lead to problems finding the outer edge.

• Presence of dirt and particles.

Figure 3.3: Edge detection of ice particles on images and converting image to a binary black
and white image. They grey thin line around each particle is drawn by hand.

In the second step, after, finding the edge and converting the image to black and
white, particle size, area, and number concentration have been calculated by an algo-
rithm, which finds the particles on the image (black pixels). Also, to each particle, sam-
pling height, temperature, and humidity have been assigned. These parameters have
been obtained from the radiosonde attached to B-ICI. As a measure of size, the maxi-
mum dimension (Dmax) is used. The maximum dimension is the diameter of the small-
est circle enclosing the particle completely. Particles larger than 10µm are collected
efficiently. Smaller particles follow the air flow around the film. The measured area is
equal to the cross-sectional area of the particle. The particle number concentration is
calculated as the number of particles per sampling volume. The sampling volume is
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Figure 3.4: Difficulties in image analysis due to non-uniform illumination, shadows and reflec-
tions because of particles sinking into the oil, facets of particles, and dirt.

the product of a specific area on the film (where particles have been counted), the bal-
loon ascending rate, and the sampling time. This sampling time is given by the length
of the inlet opening (31 mm), the speed of the film, and is the effective time the film
collects ice particles. The extinction coefficient is the product of number concentra-
tion, cross-sectional area, and extinction efficiency. The extinction efficiency is equal
to two in the geometrical optics approximation that applies here (particles are much
larger than the visible wavelengths). The particle size distribution is derived from the
number concentration per size bin widths. Gamma functions

N =N0 ·D µ
max · e

−λDmax , Dmax in cm (3.1)

which fit best the measured PSDs have been determined. The gamma coefficients are:
intercept N0, dispersion µ, and slope λ in cm−1. The gamma coefficients have been
calculated using the first, second, and sixth moments, a method which is described by
Heymsfield et al. (2002). This has been done for each measured PSD, which contains
at least more than 70 particles. Thus, for days with high number concentrations, more
PSDs could be calculated.

The third step, which is done manually, is classifying the particle shape. Every parti-
cle was classified as either column, plate, rosette, compact, or irregular shape (Fig. 3.5).
In total, 11073 ice particles have been analysed.
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Figure 3.5: Examples of particles of each shape group.

The image resolution is 1 pixel= 1.65µm. Thus, shape analysis for any particle larger
than 20µm (12 pixel) is possible. However, for particles smaller than 20µm shape anal-
ysis can be ambiguous. Misclassification can occur due to a small particle size where
it is difficult to distinguish between compacts, plates, and other shapes. An error of
misclassification has been determined by performing the shape analysis several times.
The analysis was done so, that particles which could be either one or another shape
(e.g. compacts or plates) have been classified one time all as plates and another time
as compacts. Thus, variations in particle frequency distribution can occur. The result
of the multiple shape analysis for one measurement day, which consisted only of small
particles, is listed in Tab. 3.1. The number of particles smaller than 20µm have been
around 5 %. Thus, the risk of potential misjudgement will likely not alter our findings
significantly.

Table 3.1: Multiple shape occurrence frequency distributions of the cloud on 2013-02-20, anal-
ysed two times by Thomas Kuhn and five times by me. Shape classes are compacts, irregulars,
columns, rosettes, and plates. The mean, standard deviation, maximum, and minimum of the
different shape distrtibutions is listed.

Shape TK 1 TK 2 VW 1 VW 2 VW 3 VW 4 VW 5 Mean Std Max Min
Com 63.44 75.99 67.03 65.59 63.44 73.48 71.33 68.6 5.0 76.0 63.4

Irr 16.13 20.79 23.66 15.77 19.71 16.85 12.19 17.9 3.8 23.7 12.2
Col 10.75 1.43 2.51 9.32 9.32 6.81 7.53 6.8 2.1 10.8 1.4
Ros 5.02 0.00 3.94 4.66 3.58 0.36 5.02 3.5 2.2 5.0 0.0
Pla 4.66 1.79 2.87 4.66 3.94 2.51 3.94 3.2 1.1 4.7 1.8
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Some of the ice particles have been sampled in temperature regions where supercooled
water could be still present. However, it is possible to distinguish between small, com-
pact ice particles and water droplets, as droplets do not sink into the oil and look more
spherical and homogenous than small, compact ice particles. The differences can be
seen in Fig. 3.6, where on the left side in this figure water droplets are visible, which
have been sampled in a mixed-phase cloud during a measurement in Germany. On
the right side in this figure small, compact particles are visible. Thus, all compact par-
ticles included in the data are for sure ice particles and not supercooled water droplets.

droplets ice 

Figure 3.6: Distinction between liquid water droplets (left) and small, compact ice particles
(right) is possible with B-ICI.

I have tried to automatise edge detection and shape analysis. However, because
of the difficulties described above, the algorithm did not work reliably. However, for
future measurements, I recommend the following points for improvements to get an
algorithm work more reliable:

• improvement of the image illumination to get uniform background

• testing if a polarisation filter reduces light reflections on particles

• taking images of the film before the inlet, to have a background image, thus dis-
tinguishing between dirt and particles is more reliable

3.2.2 Lidar

Whenever possible, concurrently lidar measurements have been performed. The main
advantage of lidar measurements is, that lidar measurements provide temporal infor-
mation of atmospheric backscatter profile. Thus, the geometrical thickness, extinction
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coefficient, depolarization ratio, and evolution of clouds can be derived. However, it is
impossible to get information about microphysical properties like particle size, shape,
and number concentration. Lidar is the abbreviation for light detection and ranging.
Lidars are active remote sensing instruments. The light source is a laser. Thus, lidars
emit a coherent, quasi-monochromatic, polarized, and highly collimated beam (up-
ward arrow in Fig. 3.7).

Field of View 

Mirror  
(Telescope) 

Receiver 

10
0%

 O
ve

rla
p 

La
se

r 

Sending Signal 

Scattering and Absorption on 
Particles and Molecules 

Figure 3.7: Sketch of the lidar measuring principle: The arrow in upward direction indicates the
emitted, pulsed and polarised beam. The beam from the lidar is attenuated by scattering and
absorption due to molecules and particles in the atmosphere and clouds. Also, polarization can
change by interacting with particles. The backscattered part (downward arrow) is collected by
a telescope. The backscattered signal is separated according to polarization and detected by
different receivers.
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On the way through the atmosphere, the beam is attenuated by scattering and absorp-
tion on molecules and particles. In the context of this thesis, ice clouds are the object of
interest. If the lidar beam hits ice particle, the signal gets scattered, partly in backward
direction, or absorbed. Also, polarization can change. The backscattered light frac-
tion (downward arrow in Fig. 3.7) is collected by a telescope, and detected by receivers.
The collected signal can be separated according to polarisation and wavelength and
detected by different receivers (so-called channels). The backscattered light fraction
which returns to the lidar is described by the lidar equation:

P (R ) =β (R ) · e −2
∫ R

0 α(r )d r (3.2)

where P(R) is the received backscattered signal, βR the backscatter coefficient (molec-
ular and particular), α(r ) the extinction coefficient (molecular and particular), and R
the distance between lidar and object which backscatters. The distance can be deter-
mined from the travel time of the signal.

The two atmospheric parameters, extinction coefficient and backscatter coefficient,
are unknown. As we have only one measurement, the lidar equation is not solvable
without assumptions. Assuming a ratio between the extinction coefficient and backscat-
ter coefficient (so-called lidar ratio), allows inverting the lidar equation. Thus it is pos-
sible to invert the lidar equation for the backscatter coefficient in terms of the received
backscattered signal. One possibility to solve the inversion problem is by using Klett’s
method (Carnuth and Reiter, 1986). Therefore, the backscatter coefficient above the
cloud has to be assumed. The method has problems with the strong changes in the
signal at the cloud edges. Therefore, we did not use this method. Moreover, the signal
above the cloud can be weak in case of thick clouds

For Paper I and III, we have chosen a different way to determine the backscatter co-
efficient. The molecular backscatter signal has been determined from the temperature
and pressure profile (Radiosonde) and has been fitted on to the backscattered signal
above and below the cloud. Interpolating between these signals above and below the
cloud gives an artificial signal due to molecular backscattering only. Now a backscat-
ter ratio has been calculated by dividing the total backscatter signal with the molecular
backscatter signal. Next, backscatter coefficient has been derived. The depolarization
ratio has been calculated from the ratio of perpendicular and parallel backscatter ratio.
The optical depth has been determined by the ratio between the two fitted molecular
backscatter coefficients above and below cloud edge. Dividing the optical depth with
the geometrical thickness gives an average extinction coefficient. Another way for cal-
culating the extinction coefficient is by multiplying the backscatter coefficient with the
lidar ratio, which is unknown for our measurements and has to be assumed. It depends
on particle size and shape. As already mentioned in Sect. 2.2.3.7, is the lidar ratio small
(large) for small and compact (large and non-spherical) particles. Lidar ratio can vary
between 1 and 100 sr. However, a typical lidar ratio for cirrus clouds is 20 sr (Reichardt
et al., 2002; Kuehn et al., 2016; Saito et al., 2017). Thus, we have used 20 sr in Paper I.
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The usage of the same lidar ratio for all clouds has resulted in extinction coeffi-
cients of different magnitudes between lidar and B-ICI measurements (Fig. 3.8 B-ICI:
black dashed line, lidar: solid lines; different colors for different applied lidar ratios).
However, assuming that the cloud sampled by B-ICI, and the cloud observed by lidar,
have the same properties should give the same magnitude of extinction coefficients
for both methods. Thus, for Paper III, we have taken into account the particle size and
shape measurements from B-ICI and varied the lidar ratio. We have chosen a small
lidar ratio for small particles and a large lidar ratio for large particles.
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Figure 3.8: Extinction coefficient profiles determined from lidar with different lidar ratios (S in
sr, solid lines) and from B-ICI (dashed lines) for three measurement cases.

For comparing the lidar data with the B-ICI data one has to take into account the
spatial and temporal distance. B-ICI on the balloon drifts with the wind and thus
moves away from the lidar systems. Thus, both systems do not sample the same cloud
volume and for comparison homogeneity of clouds has to be assumed. We have used
wind speed at cloud level to calculate the time of lidar observation at which the cloud
segment probed by balloon was closest to the lidar. The closest point is equal to the
shortest distance between the balloon and trajectory of the cloud advected from the
lidar. For Paper I we have done this distance calculation only for cloud centre height
(Fig. 3.9 top). However, for Paper III, we have used not only the distance at cloud cen-
tre height, we have taken into account the whole wind profile (Fig. 3.9 bottom). Due
to changing wind speed the closest distance can vary at different heights. We have av-
eraged this distance to the cloud and have selected a new lidar profile. Thus, a new
profile for comparison has been chosen. Choosing the right profile is important, as

28



clouds and their properties change over time. For example, on 2016-02-20 we see how
the cloud height decreases (Fig. 3.9 bottom). Despite the choice of the best profile, the
cloud volume observed by both instruments can have different properties, as clouds
may be inhomogeneous or have changed over time.

ln
P
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2 

Figure 3.9: Determining the closest distance between lidar and by B-ICI sampled cloud. Top:
Showing distance between IRF lidar and Esrage and trajectories of balloon. Bottom: Received
logarithmic range-corrected signal (lnPR2, parallel analog channel), with calculated closest dis-
tance between Lidar and B-ICI (black line), averaged region and used profile for comparison
(white).

3.3 Analysis of Cloud Origin, Weather Condition, and Waves

The main focus of this thesis work has been analysing the microphysical properties
of Arctic ice clouds depending on their formation processes (Paper II and Paper IV).
The particle properties, number concentration, size, and shape, are derived from B-ICI
measurements. However, for models, parametrizations for characteristic cloud prop-
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erties depending on certain conditions are needed. Such conditions can be meteoro-
logical and ambient situations, e.g. frontal systems, waves, temperature, humidity, or
cloud origin.

Clouds have been analysed depending on the weather condition, e.g. if the clouds
were connected to a warm or cold front, westerly or southerly winds, waves or no
waves. This classification have seemed reasonable because several studies (e.g., Lynch,
2002; Spichtinger et al., 2005; Krämer et al., 2016; Heymsfield et al., 2016, and references
therein) have shown how ice cloud properties depend on these conditions.

For analysing the weather condition, 500 hPa geopotential maps, ground level pres-
sure maps with indicated frontal systems (Fig. 3.10), and IR satellite images have been
used. Thus, information about where the airmass originated from, and if the cloud was
connected to a warm, cold, or occlusion front has been retrieved.
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Figure 3.10: 500 hPa geopotential map and ground level pressure map with indicated frontal
systems for 2013-02-20 12 UTC (from http://www.wetter3.de). Showing a high-pressure system
over Scandinavia and a low-pressure system over Spitzbergen.

The wind direction has been determined with the help of the balloon trajectories and
the back trajectories of the air mass using the Lagrangian microphysical model CLaMS-
Ice (Luebke et al., 2016). In the case of westerly winds, waves can occur, because of
mountains. With the help of satellite images, data from lidar and ESRAD, informa-
tion on waves have been obtained. When waves occur, it is possible to see cloud-free
areas on satellite images in the lee of the mountains (Fig. 3.11 left), appearance and
disappearance of clouds and the slope of clouds in the extinction coefficient from li-
dar (Fig. 3.11 centre), and variation in vertical velocities over time and altitude derived
by ESRAD (Fig. 3.11 right).

Furthermore, for all measurement days, cloud origin has been determined. Cloud
origin, described in detail in Sect. 2.2.2.3, is a classification based on the formation pro-
cess. It distinguishes if particles formed either by heterogeneous and homogeneous
droplet freezing (liquid origin) or by deposition and homogeneous aerosol freezing (in
situ origin). Similar dynamical situations can contain clouds of both types.
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Figure 3.11: IR satellite images from MSG-EUMETSAT (left), extinction coefficient measured
by lidar (centre), and the vertical velocity measured by ESRAD (right) on 2013-02-20.

Thus, variations of particle properties found in similar dynamical situations can be ex-
plained by cloud origin. For example, Fig. 3.12 shows differences in the frequency of
particle shape for four clouds (red: 2x in situ origin, blue: 2x liquid origin) which were
connected to occlusion fronts. In the case of the two in situ origin clouds, the amount
of compact particles is higher compared to the two liquid origin clouds. Differences in
particle shape could not be explained with different weather conditions.
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Figure 3.12: Distribution of particle shape for four days which were connected to occlusion
fronts. Two days were of in situ origin (red) and two days of liquid origin (blue).

For all measurement days, the cloud origin has been determined by calculating
back trajectories of temperature and ice- and liquid water content (see Fig. 3.13 for
examples) with CLaMS-Ice (Luebke et al., 2016). If the cloud formed without initial
presence of liquid water content than this cloud is of in situ origin. Clouds which have
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been formed above −38 ◦C in the presence of liquid water content are assigned to liq-
uid origin. To test if cloud origin can be determined from size and shape distribution,
this was attempted for two measurements. In the following, the result was tested if it
matches the origin result based on back trajectories. For these two cases, both meth-
ods gave the same result. Hence, it might work for other measurement cases also.
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Figure 3.13: Calculated 24 h back trajectories (from left to right -24 h before balloon launch and
0 balloon launch) of temperature (solid lines) and ice water content (dashed lines) for two days
(red: 2013-02-20 in situ origin, blue: 2016-02-12 liquid origin). The threshold temperature is
235 K.

3.4 Comparison with other Cirrus Measurements

Most measurement campaigns have been performed in midlatitudes and tropics. Few
campaigns have been conducted in high latitudes due to remoteness. Furthermore,
most of the Arctic campaigns focused on mixed-phase clouds, trace gases, or polar
stratospheric clouds. Some Arctic campaigns where cirrus have been observed are:
POLSTAR (Schiller et al., 1999), FIRE-ACE (Gerber et al., 2000; Lawson et al., 2001), IN-
TACC (Hegg and Noone, 2005; Field et al., 2001; Bailey and Hallett, 2012), ASTAR (Gayet
et al., 2007; Lampert et al., 2009; Hoffmann et al., 2009; Lampert et al., 2010), M-PACE
Verlinde et al. (2007); McFarquhar et al. (2007); Mcfarquhar et al. (2013), and ISDAC
(McFarquhar et al., 2011). Most of these measurements did not contain very cold cir-
rus clouds (e.g. INTACC: −12 ◦C to −40 ◦C Field et al. (2001), FIRE-ACE: −25 ◦C Lawson
et al. (2001)). Thus, our measurement in cold Arctic cirrus clouds are unique.

Before, 2016 the particle properties were described depending on dynamical and
ambient conditions. Large variations in particle properties in the same dynamical sit-
uation were observed. An explanation could be that probably both cirrus origins were
measured. In older studies, the term in situ origin cirrus was used for anvil cirrus, wave
cirrus, or frontal cirrus. However, it does not mean that these clouds were in situ origin
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clouds according to the classification by Krämer et al. (2016) and Wernli et al. (2016).
Moreover, in older studies described properties show that most measurements have
been liquid origin cirrus, or have been dominated by liquid origin cirrus. By not tak-
ing into account cloud origin particle properties are mixed. For example, parametriza-
tions for size distributions, which only depend on temperature and weather condition,
would lead in case of in situ origin clouds to too broad sizes distributions. We provide
an analysis of Arctic ice cloud particle properties and a parametrization for particle
size distributions depending on cloud origin, which, probably are also valid for other
geographical regions.
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CHAPTER 4

Results and Summary of Papers

In the previous chapter, the measuring instruments and data analysis was described.
This chapter gives, a brief summary of the appended papers, an explanation of the re-
search reason, and the main findings.

In this thesis, I focused, on one side, on microphysical properties of Arctic Ice clouds,
and on the other side, on the optical properties of these clouds. Characteristic micro-
physical properties, such as number concentration, size, and shape, are described in
Paper II and IV, where I am the first author. In Paper I, we show a comparison of in-situ
and lidar measurements. I am a co-author of this paper. How particle properties influ-
ence optical properties, like extinction coefficient and depolarization ratio, is shown
in Paper III, where I am the main author.

4.1 Data

Carrying out measurements and analysing the collected data are the basis for the pa-
pers and thesis. Ten balloon-borne measurements have been performed above Kiruna
during winter (see Tab. 4.1). The clouds have been analysed by their origin, weather
condition, and presence of waves. All observed Arctic ice clouds were connected to
frontal systems. Six of these clouds were of liquid origin and four of in situ origin. On
eight out of ten measurement days the wind direction was from the west, and on the
other two days from the south. In Kiruna, orographically induced waves can occur
when the wind has to pass the mountains, as it is the case for westerly winds. On five
days, all with westerly wind, waves occurred.

For the case study in Paper I two measurements have been analysed, and for the
case study in Paper III, three measurements have been used. These measurement days
showed very different particle properties. The particle property analysis with respect
to cloud origin (Paper II) is based on eight measurement days (four in situ origin and
four liquid origin). For the analysis of particle properties depending on cloud origin
in Paper II, the same eight measurement days (four in situ origin and four liquid ori-
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Table 4.1: List of measurement days, their cloud origin and meteorological situation (WF:
warm front, CF: cold front, OCC: occlusion front, LPC: low pressure centre), and for which pa-
per they serve as a data basis.

date origin meteorological situation wind direction waves paper

2012-04-04 in-situ OCC NW waves II,IV
2013-02-20 in-situ orographic/ before CF NW waves I,II,III,IV
2016-03-15 in-situ orographic/ before CF NW waves II,IV
2016-12-15 in-situ OCC NW no waves II,IV
2013-12-18 liquid OCC NW waves II
2014-03-20 liquid WF NW no waves II,IV
2015-04-01 liquid LPC / before WF SSW no waves II,IV
2016-02-12 liquid WF SSW no waves I,II,III,IV
2017-12-07 liquid LPC / after OCC NW no waves IV
2018-02-28 liquid orographic/ before CF NW waves III,IV

gin) have been used. In Paper IV new parametrizations are presented for particle size
depending on cloud origin is based on nine measurement days.

4.2 Typical Microphysical Cloud Properties

The main focus of this thesis work has been analysing the microphysical properties
of Arctic ice clouds depending on their formation processes. These properties are ice
particle size, area, shape, and number concentration. They influence the net radia-
tive effect of a cloud as explained in more detail in Sect. 2.1.2. Particle properties vary
depending on temperature, supersaturation, and vertical wind speed during their for-
mation process. Hence, a cloud can have a positive (warming) or negative (cooling)
net effect. To obtain information about these properties we have performed in-situ
balloon-borne measurements with B-ICI launched from ESRANGE, Sweden. Particle
properties in connection with their formation process are described in Paper II. The
property analysis can serve as a database for nature-like parametrizations. For exam-
ple, parametrizations of size distributions are needed for models and remote sensing
retrievals. In Paper IV, new parametrizations for Arctic ice clouds depending on cloud
origin are presented. These parametrizations are compared with established ones.

4.2.1 Arctic Ice Clouds over Northern Sweden

For the first time, particle properties of Arctic cirrus clouds have been analysed de-
pending on cloud origin and ambient conditions. Clear differences in size and shape
depending on origin have been found which cannot be explained only by ambient con-
ditions and dynamic situations (Wolf et al., 2018). In case of in situ origin, the particles
were smaller than 350 µm and most often compact. Thus, the size distributions are
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narrow. Broad size distributions and more complex shapes have been found in liquid
origin cirrus. Taking these differences into account, rather than using parametriza-
tions that only depend on local conditions can possibly improve remote-sensing re-
trievals, numerical models for weather and climate prediction.

Furthermore, these differences in shape and size can be used to predict cloud ori-
gin, without the need of calculating back trajectories of temperature and ice water con-
tent, and vice-versa. Moreover, these results may apply to other geographical regions
and not only to Arctic ice clouds.

For this paper, I am the main author. I wrote the paper and the responses to the
reviewers. I analysed the weather condition, wave condition, and cloud origin. I per-
formed the particle property analysis depending on these conditions. I created all
figures with one exception (Figure 4). I found the particle edges of 1374 particles. I
performed the image analysis for three measurement days. I determined the shape
of 2854 particles. For that purpose, I wrote a classification program, which accesses
every single particle image. Then the particle shape has to be chosen. The particle
shape is saved together with other properties, like size, temperature, and relative hu-
midity. I wrote an algorithm and plot routine for the statistical analysis for particle size
and shape depending on temperature and supersaturation. I wrote a new plot routine
for plotting the radiosonde profiles and the CLaMS data. I worked on an algorithm to
automate the particle finding edge procedure and on a machine learning program to
classify particle shape. I presented this work at several conferences, workshops, and
one invited talk.

4.2.2 Parametrization of Particle Size Distribution

For models and remote sensing retrievals, good parametrizations of size distributions
are needed. However, particle size varies widely in cirrus clouds depending on forma-
tion processes, updraughts, and cloud stage. Finding good parametrizations is diffi-
cult. Most established parametrizations are functions of temperature or weather con-
ditions. Thus, they do not distinguish between formation processes and might be
dependend on location. Established parametrizations are mostly based on measure-
ments in tropics and midlatitudes, i.e. there is no parametrization, which describes
cold Arctic ice clouds.

In Paper II we found a significant difference in particle size distributions depend-
ing on cloud origin. Therefore, we have determined new parametrizations for Arctic
ice clouds depending on cloud origin and temperature. In Paper IV, we present these
new Arctic parametrizations. A number of parametrizations have been compared, and
most are consistent with liquid origin clouds (Wolf et al., 2019b). Only the parametriza-
tions for two particle size modes by Muhlbauer et al. (2014) agree with our in situ and
liquid origin measurements and our corresponding parametrizations. Our Arctic in
situ origin parametrization compares well to their parametrization for small particles,
whereas our liquid origin parametrization agrees with the large particle parametriza-
tion.
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The similarity shows, that our parametrizations for Arctic and Muhlbauer et al.
(2014) parametrizations can be used for other geographical locations. However, they
did not provide a dependency on temperature, thus it is not applicable without other
assumptions. This dependency on temperature can be taken from our Arctic ice cloud
parametrizations. With the new Arctic ice cloud parametrizations with respect to the
origin of the cloud, clouds could be described more realistically in weather and climate
models, as well as in remote sensing retrievals.

I am the main author of this paper. I wrote it and created all the figures. I calculated
45 particle size distributions and determined the best fitting gamma and lognormal
functions. I improved the program which calculates the best fitting gamma distribu-
tion. I wrote a program which calculates the best fits between the gamma coefficients
and temperature (one time for all data, one time for in situ origin data, and one time
for liquid origin date). These fits constitute the new parametrization presented in this
paper. Also, I wrote the plotting routines to present the gamma coefficients, and to
present the particle size distributions. I analysed the cloud origin of two more days
and did the image analysis for these days (7971 particles). I presented the results at
EGU this year and was awarded funding to travel there.

4.3 Optical Cloud Properties

Combining balloon-borne in-situ measurements and ground-based remote sensing li-
dar systems to analyse optical cloud properties, has been another topic of this thesis.
Lidar systems have the advantage that they can observe the atmosphere backscatter-
ing profile with a high temporal and spatial resolution. Thus, the evolution of clouds,
and information about cloud geometric thickness, depolarization ratio, backscatter
coefficient, and extinction coefficient can be retrieved. The disadvantage of lidars is,
that, it is impossible to obtain particle properties such as size, shape, and number con-
centration. However, this information is obtained by the balloon-borne in-situ mea-
surements. Combining our in-situ measurements with concurrent ground-based lidar
measurements provide data that complement each other. Paper I and III are both case
studies of concurrent in-situ and lidar measurements, however, with different aspects.
In Paper I, we focus on how comparable lidar and in-situ measurements are and in
Paper III we show differences in the optical properties of three measured clouds with
different microphysical properties.

Cirrus clouds can be observed by lidars (ground-based and satellite-based). How-
ever, remote sensing retrievals of ice cloud properties require good knowledge of clouds
microphysical properties, like number concentration, shape, and size. In order to es-
tablish a connection between data measured by lidar and microphysical properties, we
performed concurrent measurements. The clouds geometrical thickness and extinc-
tion coefficient have been derived from both measurement methods and thus directly
compared. However, differences have arisen due to spatial distance between lidar and
B-ICI as both instruments do not sample the cloud volume at the same time and that
clouds can be inhomogeneous (Kuhn et al., 2017). Another uncertainty in comparing
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lidar with in-situ measurements arises from having to assume a lidar ratio (S, the ratio
of backscatter to extinction coefficient) when deriving the extinction coefficient from
lidar backscatter measurements. In Paper I we compare B-ICI and lidar measurements
on two days and focus on how comparable they are. In general, we found good agree-
ment in geometrical thickness, extinction coefficients, and optical depths from in-situ
and lidar measurements. However, differences in the magnitude of the extinction co-
efficient (choosing a fixed lidar ratio of 20 sr) were visible.

In Paper III we have studied how extinction coefficient, depolarization ratio, and
lidar ratio depend on number concentration, size, and shape of ice particles. We in-
vestigated three cirrus cloud measurements which showed different particle proper-
ties. One cirrus consisted of a large number of very small particles which were mostly
compact. In another cirrus, large and non-spherical particles were found. The third
observed cloud was very inhomogeneous. Most of this cloud was composed of some,
large and non-spherical particles. However, in this cloud, there were two thin layers
with a large particle number concentration of very small and mostly compact parti-
cles. Taking into account the particle shape and size, we have chosen different lidar
ratios for the different measurement days. A small lidar ratio (10-20 sr) for the cloud
consisting of small and compact particles and a large lidar ratio (20-60 sr) for the cloud
consisting of large and non-compact particles, consistent with literature values, lead
to agreement in extinction coefficients from the two methods (Wolf et al., 2019a). In
the thin layers with many small and compact particles, few large and non-compact
particles modify the lidar ratio. Variable lidar ratios resulted in a better agreement
between the extinction coefficients measured by B-ICI and lidar. We found that the
cross-sectional area has a greater influence on the extinction coefficient than the num-
ber concentration. Similar to the lidar ratio, depolarization ratio depends on particle
shape, orientation, and size. It is small for small and compact particles and large for
large and non-compact particles. However, each cloud contained compact particles
and non-compact particles with imperfections, thus we did not measure a depolariza-
tion ratio above 30 %. Same values could be observed by lidar measurements above
Antarctica (Guasta, 2001).

The following conclusion can be drawn by combining all these findings with the
results from the particle property analysis: In situ origin cirrus clouds, which mostly
consist of small and compact particles, in most cases have smaller extinction coeffi-
cients, smaller lidar ratios, and smaller depolarization ratios. On the other hand, liquid
origin cirrus clouds, which mostly consist of large and non-spherical particles, com-
monly have larger extinction coefficients, larger lidar ratios, and larger depolarization
ratios.

I am a co-author for Paper I. I did the image analysis for one measurement day and
calculated the extinction coefficient from B-ICI. I analysed the weather conditions for
the two days and described them in this paper. I did the literature review on the lidar
ratio and decided to use 20 sr for the comparison. I wrote most on Introduction and
Further Work part. For this paper I wrote a lidar inversion code using Klett’s Method.
However, we could not use it, as the cloud edges led to problems and the signal above
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the cloud was too weak.
I am the main author of Paper III, I wrote it, and replied to the reviewers. Also, I

created all the figures. I calculated the extinction coefficient profiles from B-ICI. Also,
I determined the lidar ratio by taking into account particle shape and size. I compared
the depolarization ratio with the vertical distribution of the particle shape frequency. I
wrote plot routines for presenting the different parameters as profiles. I did the image,
shape, and data analysis for the three measurement days. I will present it at the ILRC
2019 in China, which I get fully funded.
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CHAPTER 5

Summary, Conclusion and
Outlook

Cirrus clouds play an important role in the radiation balance of the atmosphere.
They can have a warming and cooling effect. The resulting net effect depends on mi-
crophysical and macrophysical cloud properties. These properties are for example
particle size, area, shape, number concentration, geometrical and optical thickness.
They differ depending on temperature, supersaturation, vertical velocity during cloud
formation. For accurate models and remote sensing retrievals, it is important to find
good parametrizations for these properties. Still, ice clouds remain one of the biggest
uncertainties in climate models and also remote sensing retrievals have problems.

Of particular interest are Arctic cirrus clouds, because they have been rarely inves-
tigated until now due to poor accessibility. Furthermore, the high latitudes are a large
area on Earth where climate change is intensifying much more than at other latitudes.

To obtain information about microphysical and macrophysical properties ten in-
situ balloon-borne measurements with the Balloon-borne Ice Cloud particle Imager
(B-ICI) have been performed above Kiruna, Sweden. Some of the in-situ measure-
ments have been compared with concurrent Lidar measurements.

The retrieved cloud properties were analysed with respect to the cloud origin, i.e.
their formation process. If particles formed via the liquid phase, they are of liquid ori-
gin. Below −38◦C particles can form directly from the vapour phase. These particles
are of in situ origin.

This Thesis had the aim to help answering the following open research questions:

• What are the typical particle properties of Arctic ice clouds?

• What can we learn from concurrent in-situ and remote sensing measurements?

This thesis gives a brief overview of cloud physics, a description of the measure-
ment methods and data analysis, and a synopsis of the main findings of the appended
papers. These results consist of two parts. One part gives information about typical
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particle properties like number concentration, size, and shape. The other one focuses
on optical properties like extinction coefficient and depolarization ratio.

We found that the particle number concentration is higher when waves occurred.
In situ origin cirrus clouds consist of small particles, which are mostly compact in
shape. Liquid origin cirrus clouds have broad size distributions, and particles can grow
into more complex shapes. Also, we observed that the extinction coefficient, lidar ra-
tio, and depolarization ratio are smaller for small and compact particles than for large
and non-spherical particles. Furthermore, we present new parametrizations for Arctic
ice clouds depending on cloud origin, which might be generally valid for use in global
models and satellite retrievals.

With these results, I think I helped to answer the posed research questions in this
thesis. However, during this thesis work, new questions came up, which need to be
answered.

• How do particle properties change during cloud evolution?

• Is there an overlap between in situ and liquid origin?

• Are particle shape differences with respect to cloud origin similar at other geo-
graphic regions or latitudes?

• Is the radiative effect of in situ origin and liquid origin clouds different given that
their particle properties are so different?

• What are the ice particle properties of a mixed-phase cloud?

• What are the measuring sensitivity limits of extinction coefficient/reflectivity for
lidars/radars?
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ABSTRACT

A series of in-situ balloon-borne experiments con-
ducted at Kiruna, Sweden (68 °N), is studying upper-
tropospheric, cold ice clouds in arctic latitudes. Ex-
periments are launched from Esrange Space Center and
collect ice particles with an in-situ imaging instrument.
One of the aims with these measurements is to improve
satellite remote sensing of cold ice clouds. Such clouds
can be observed by lidar. Therefore, when possible,
concurrent ground-based lidar measurements have been
carried out with two available lidar systems to accom-
pany the balloon-borne measurements. The Esrange lidar
is located at Esrange Space Center, approximately 500
m from the in-situ launch site on the balloon pad; the
IRF lidar is located about 29 km to the west of Esrange
Space Center (operated by the Swedish Institute of Space
Physics, IRF). Here we present results from these lidar
measurements and compare them to ice particle proper-
ties determined during the in-situ measurements.

Key words: Cirrus; ice clouds; lidar; ice particles; in-situ;
balloon-borne; Arctic; high latitude measurements.

1. INTRODUCTION

Upper-tropospheric cold ice clouds (cirrus) play an im-
portant role in the radiative energy budget of the atmo-
sphere [1]. They can both have a cooling as well as a
warming effect as they reflect part of the incoming short-
wave radiation and absorb part of Earth’s outgoing long-
wave radiation, respectively. The net effect depends on
the various cloud’s macro- and microphysical properties,
such as size and shape of ice particles.

Cirrus can be detected remotely by lidar and cloud radar.
However, they are often thin and are consequently bet-
ter observed by the more sensitive lidar while they are
invisible or very weak to the cloud radar [2]. For these
cases improved satellite retrieval methods will allow bet-
ter ice cloud determination by space-borne lidar only. Re-

trieval methods for remote sensing of ice cloud properties
require good knowledge of the microphysical properties
of ice clouds, as for example shapes and size distribu-
tions of ice particles [1, 3]. Also radiative transfer sim-
ulations and climate models that include cloud processes
need such knowledge. In-situ measurements are therefore
necessary to acquire these properties.

Many in-situ measurements have already been performed
by aircraft-mounted instruments. A review of some of the
recent campaigns can be found for example in [4]. How-
ever, there are some problems associated with aircraft-
based instruments. Shattering of larger ice particles at the
inlet due to high impact speed causes many smaller frag-
ments that may be detected erroneously as many small ice
particles [5]. Instruments can now correct for this and/or
avoid shattering [6], but the problem can not be elimi-
nated entirely [7]. Also, most in-situ aircraft instruments
have problems detecting and sizing ice particles smaller
than about 100 µm [8] and in addition shapes of these par-
ticles remain uncertain [9]. Balloon-borne measurements
do not suffer from shattering problems and smaller ice
particles can be measured more accurately [10, 11]. In
addition, they directly measure near to vertical profiles,
which is an advantage when comparing to vertically sens-
ing lidar measurements and for radiative transfer simula-
tions.

Compared to mid- or tropical latitudes, only few in-situ
measurements, both aircraft- and balloon-borne, exist at
northerly, arctic latitudes [e.g. 12]. Furthermore, only
few direct comparisons between ground-based lidar and
in-situ measurements have been done [e.g 13]. There-
fore, we have started balloon-borne in-situ measurements
of high latitude, upper-tropospheric, cold ice clouds with
concurrent ground-based lidar measurements. In the fol-
lowing, we describe first comparisons between these lidar
and in-situ measurements of ice clouds.



2. EXPERIMENTAL METHODS

2.1. Balloon-borne in-situ measurements

2.1.1. Balloon campaign

The in-situ measurements used in this study are from
an ongoing campaign of balloon-borne measurements of
ice cloud particles, ‘in-situ IWC’ [14, 11]. A series of
balloon launches has started in 2012. All balloons are
launched from Esrange Space Center (67.9 °N 21.1 °E),
about 30 km east of Kiruna located in northern Sweden,
north of the Arctic circle. On the campaign days, balloon
measurements have been carried out during morning up
to around local noon. This allows for recovery by he-
licopter at daylight on the same day. The balloons on
the campaign days considered here were launched from
around 9:30 to 11:30 UTC (10:30 to 12:30 local time).

2.1.2. In-situ measurement method

The instrument carried by balloon is collecting individual
ice particles on an oil-coated film. Particles are shortly
after collection imaged with a high-resolution camera
system that allows measurements of small ice particles.
From the particle images size, area, and shape of parti-
cles with sizes down to about 20 µm can be determined.
In addition to these single particle properties, ensembles
are characterised by number and area concentrations and
size distributions. Details of the instrument and the re-
lated image analysis methods have been described earlier
[11].

The extinction coefficient αin-situ of an ensemble of sam-
pled ice particles in a cirrus can be determined from the
image data by determining the cross-sectional area of this
ensemble of particles. The sum of the individual ice par-
ticle areas is divided by the corresponding sampling vol-
ume, which yields the area concentration. The extinc-
tion cross section of an individual ice particle is given by
twice its cross sectional area in the geometric scattering
case that is applicable here where particle dimension is
much larger than the wavelength of visible light. Hence,
the local extinction coefficient is given by twice the area
concentration of a representative ensemble of ice parti-
cles at that location. Then, from the extinction coeffi-
cients throughout a cirrus, along the vertical profile sam-
pled by the balloon-borne in-situ measurements, the op-
tical depth τin-situ can be determined by integrating over
αin-situ vertically through the cirrus cloud.

2.2. Ground-based lidar measurements

2.2.1. Lidar systems

During the campaign, when possible, the balloon-borne
in-situ measurements have been accompanied by concur-
rent lidar measurements by at least one of the two ground-
based lidars, the lidar at IRF or at Esrange Space Cen-
ter. The IRF lidar is located about 1 km from the Space
Campus in Kiruna, which is around 3 km east of Kiruna
airport and 29 km west of Esrange Space Center. This li-
dar is operated by the Swedish Institute of Space Physics
(IRF). It uses elastic backscattering at 532 nm wavelength
to detect clouds in an altitude range of 4 km to 15 km un-
der daylight conditions. Data from the IRF lidar has a
vertical resolution of 30 m and an averaging time of 133 s.
More details about the IRF lidar can be found in [15].

The Esrange lidar is located at the Esrange Space Center
on a hill that is around 500 m away from the location on
the balloon pad where the in-situ balloons are launched.
This lidar is operated by Stockholm University. It is a
Rayleigh/Mie/Raman backscatter lidar. The lidar data
used in this study uses the backscatter signals from the
elastic low- and medium sensitivity Rayleigh channels at
532 nm wavelength covering the atmosphere from about
4 km to 30 km altitude during daylight conditions. The
backscattered light is filtered through density tuned fixed-
spacer etalons for that purpose. The Esrange lidar has a
vertical resolution of 150 m and a time resolution of ap-
proximately 5 min. More details about the Esrange lidar
can be found in [16].

2.2.2. Cirrus analysis with lidar

The free tropospheric aerosol in the measurement re-
gion in this study has very low concentrations compared
to lower latitude locations in the northern hemisphere
[17]. Therefore, we assume here that the lidar backscatter
is caused only by atmospheric molecular scattering and
backscatter from cirrus ice particles. Below and above
clouds we expect only atmospheric backscatter. Below a
cloud this signal is not affected by the cloud. Hence, there
the signal can be predicted from the atmospheric molecu-
lar density, which is known from the temperature profile
acquired by radio sonde measurements that accompany
all balloon-borne measurements.

The backscatter signal from above a cirrus cloud can also
be predicted, however, the signal is now attenuated by
the presence of the cirrus. This attenuation, i.e. the opti-
cal depth of the cirrus cloud layer, can be determined by
independently fitting the atmospheric backscatter below
and above the cloud layer. The resulting factor between
these two fits is attributed to attenuation of the cirrus and
equal to its transmission squared, T 2

cirrus, which can be
converted to its optical depth τlidar by

τlidar = − lnTcirrus (1)



For this purpose, the cloud bottom and top is determined
for each lidar profile. Then the expected atmospheric
scattering is fitted to the signal below the cloud bottom
and above the cloud top.

Different methods exist for considering the molecular
background within the cirrus layer, so that the fitted sig-
nals below the bottom and above top of the cirrus can
be joined to form a continuos atmospheric molecular
backscattering component Sbg of the signal, the atmo-
spheric background scattering. This background can then
be compared to the total signal within the cirrus layer, i.e.
the sum of both signal components due to cirrus (Scirrus)
and atmospheric background scattering (Sbg). The ratio
between the total backscatter and the background scatter-
ing signals is called backscatter ratio, or BSR.

BSR =
Scirrus + Sbg

Sbg
(2)

The backscatter ratio can also be expressed in terms of
the backscatter coefficients for cirrus (βcirrus

lidar ) and back-
ground scattering(βbg

lidar):

BSR =
βcirrus
lidar + βbg

lidar

βbg
lidar

(3)

The backscatter coefficient βbg
lidar of the background

atmosphere can be determined from the atmospheric
molecular density and the cross section of air molecules
for backscattering at 532 nm (differential Rayleigh cross
section of 6.1810−28 cm2 sr−1). From this, together with
BSR, the cirrus’ backscatter coefficient βcirrus

lidar can be in-
ferred using Eq. 3. While no assumptions were required
to determine the cirrus optical depth directly from com-
parisons of signals above and below the cirrus layer, now
assumptions are needed to determine BSR and βcirrus

lidar .
Within the cirrus βbg

lidar needs to be known, hence, an as-
sumption on how exactly βbg

lidar varies in the cirrus layer
is required.

Even more assumptions are required to determine the ex-
tinction coefficient of the cirrus cloud, which is there-
fore the most uncertain cirrus optical property to be re-
trieved. This is due to the fact that there are two un-
knowns, the backscatter and extinction coefficients, and
only one received backscatter signal [18, 19]. The ratio
between cirrus extinction (αcirrus

lidar ) and backscatter coeffi-
cients (βcirrus

lidar ) is called the lidar ratio Lcirrus. One needs
to know Lcirrus so that βcirrus

lidar can be converted to αcirrus
lidar .

Further, an assumption on how Lcirrus varies within the
cirrus (and over time) is required. If we assume a constant
Lcirrus, then

αcirrus
lidar = βcirrus

lidar Lcirrus (4)

This can then be compared to the extinction coefficients
αin-situ determined from in-situ ice particle image data
(see Sect. 2.1.2). Here, we assume a lidar ratio Lcirrus =
20 sr, which is well within the large range of lidar ratios
reported in the literature [e.g. 20, 21, 22].

3. MEASUREMENT RESULTS AND ANALYSIS

3.1. Measurement days

In-situ data have been collected on eight days so far from
2012-04-04 until 2016-12-15. Accompanying lidar data,
however, are not available from all these days. On some
occasions lidar measurements were not possible due to
different reasons such as low-altitude liquid-phase clouds
that were too optically thick obscuring the cirrus atop,
ongoing lidar repairs/updates, or unavailability of lidar
personnel. In the following Sections 3.2 and 3.3 lidar
data from two days have been considered: 2013-02-20
(IRF and Esrange lidars) and 2016-02-12 (IRF lidar).
On 2016-02-12 the cirrus originated from a warm front
along the Swedish–Finish border associated to a strong
low-pressure system over the northern Baltic Sea. On
2013-02-20 Kiruna was affected by a strong, northwest-
erly wind, which led to orographic lifting and mountain
lee waves, causing a cirrus layer. The wind was origi-
nated from the cold front of a low-pressure system over
Spitsbergen pushing air masses against a high-pressure
system dominating Scandinavia.

3.2. 2016-02-12

3.2.1. Raw signals of IRF lidar

Fig. 1 shows the raw signal as a colour plot with all pro-
files measured by the IRF lidar on 2016-02-12. During
the time of the balloon launch, from 9:40 to 10:40 UTC
(10:40 to 11:40 local time), a cirrus layer can be seen be-
tween approximately 5 km and 8 km altitude. Altitude
here refers to the lidar range, i.e. the vertical distance
from lidar to the cloud layer from which backscattering
is received. Later, when comparing lidar and in-situ data,
the in-situ altitude (above sea level) is converted to range
by subtracting 0.4 km, the actual altitude of the two lidars.

This cloud layer persisted for several hours, as long as
measurements were recorded with the lidar. The figure
shows at about 10:40 to 11:00 UTC (11:40 to 12:00 local
time) an additional lower cloud layer at approximately
2 km altitude. It can be noted how this cloud layer is dis-
turbing the cirrus observations above because it is atten-
uating the lidar signal.

As an example, Fig. 2 shows a backscatter signal with
background noise removed of the IRF lidar on 2016-02-
12 for one profile, at 9:38 UTC (10:38 local time). One
can clearly see that the signal is predominantly caused by
a cirrus layer between about 5 km and 10 km. The ex-
pected signal from atmospheric molecular backscattering
(atmospheric background) is also shown for reference as
dashed line. A second dashed line shows the same at-
mospheric background but scaled by a factor that can be
attributed to attenuation by the cloud, i.e. its optical depth
τlidar (see Sect. 2.2.2), which for this example was 2.0.
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Figure 1. Raw signal of IRF lidar on 2016-02-12, range-
squared.
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Figure 2. Backscatter signal of IRF lidar on 2016-02-
12, at 9:38 UTC (10:38 local time). The atmospheric
background is indicated as two dashed lines, one for the
signal below and one for above the cirrus layer.

3.2.2. Collocation

The in-situ data on 2016-02-12 showed a cirrus layer be-
tween approximately 3.4 km and 7.7 km. That is a larger
altitude range, and extending to lower altitudes compared
to the lidar-measured cloud shown in Fig. 1. This is most
likely caused by the fact that the lidar and the in-situ mea-
surements do not happen at the same location. The IRF
lidar is 29 km away from the Esrange balloon pad. Wind
data from the radiosonde attached to the in-situ instru-
ment showed that the wind from about 3 km altitude up-
wards came from S–SSW. At 5 km altitude it was from
209 ° at 9.1 m s−1. This resulted in a closest horizontal
distance between lidar observed air volume and in-situ
measurement location of about 21 km at 5 km altitude. To
reach this closest distance, the lidar observed air volume
advected from the lidar 12 km in approximately 22 min,
i.e the lidar measured at about 9:40 UTC a cloud that then
advected closer to the location of in-situ measurement at
the same altitude at about 10:00 UTC. Hence, lidar data
from 9:40 UTC (10:40 local time) were chosen for com-
parison with in-situ data on that day. The balloon trajec-
tory and the wind direction from the lidar are depicted in
Fig. 3. Similarly, on 2013-02-20 an appropriate time for
comparison was chosen to minimize the distance between
lidar and in-situ measurements.

Figure 3. Balloon trajectory on 2016-02-12. The lidar
location is marked as well as the wind direction at 5 km
altitude, 209 °. Clouds observed at the lidar advect in
this wind direction, along the red line in the figure. The
location of the balloon at approximately 5 km altitude is
indicated with a green circle. At this altitude it is about
21 km away (indicated with white arrow) from the line of
clouds advecting from the lidar.

3.2.3. In-situ data

The cirrus cloud as measured with the in-situ instrument
on 2016-02-12 extended from 3.40 km to 7.68 km alti-
tude, with temperatures from −23 °C at the cloud bot-
tom to −48 °C at the top. A total of 712 ice particles
were analysed from this cloud. Fig. 4 shows the area size



distribution of these particles. It is determined from the
number size distribution, which is multiplied, on a bin-
by-bin basis, by the average area of the ice particles in
the respective size bin. The total area concentration, the
integral of the area distribution in Fig. 4, is 0.21 km−1 for
2016-02-12. Hence, the extinction coefficient, twice the
area concentration (see Sect. 2.1.2), is 0.41 km−1.
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Figure 4. Area size distribution of cirrus clouds on 2016-
02-12 and 2013-02-20.

When analysed in three layers, this cirrus had a lower
extinction coefficient in the bottom layer, and a higher
extinction in the top layer, compared to the value in the
middle layer (αin-situ = 0.094 km−1 between 3.4 km
and 4.5 km; 0.36 km−1 between 4.5 km and 5.6 km; and
0.81 km−1 between 5.6 km and 7.7 km). The number
concentrations were 3.9 L−1 at the bottom, 13 L−1 in the
middle, and 4.7 L−1 at the top.

The overall optical depth τin-situ of this cloud is 1.8, de-
termined from vertically integrating the extinction coeffi-
cients or, equivalently, by multiplying the average extinc-
tion coefficient of 0.41 km−1 with the geometrical thick-
ness of 4.3 km.

3.2.4. Extinction coefficient from lidar data

The extinction coefficients αcirrus
lidar , as described in

Sect. 2.2.2, can be determined from BSR using Eq. 3 and
Eq. 4. For an IRF lidar profile at about 9:40 UTC on
2016-02-12 the resulting extinction coefficient profile can
be seen in Fig. 5.

Values for αcirrus
lidar from lidar using BSR are generally

smaller than values of αin-situ from in-situ data (see
Fig. 5). A possible explanation for this could be that the
assumed lidar ratio Lcirrus was too small. However, the
fact that lidar and in-situ instrument did not measure the
cloud at the same location makes this reasoning uncer-
tain.
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Figure 5. Extinction coefficient αcirrus
lidar determined from

BSR using Eq. 3 and Eq. 4 for 2016-02-12 at 9:38 UTC
(10:38 local time) from the IRF lidar. For comparison,
extinction coefficients αin-situ are shown as well.

3.2.5. Optical depth

The optical depth τlidar is determined from the lidar at-
tenuation, or transmission Tcirrus through the cloud as de-
scribed in Sect. 2.2.2. No further assumptions have to be
made for this. Alternatively, τlidar can be determined by
integrating αcirrus

lidar through the cloud. To first determine
αcirrus
lidar , we had to assume the lidar ratio Lcirrus. Here we

assumed a constant Lcirrus = 20 sr. If it was over- or un-
derestimated, then also αcirrus

lidar and with that τlidar will be
over- or underestimated.

Fig. 6 shows time series of τlidar on 2016-02-12 deter-
mined using the two methods mentioned above. After
about 10:30 UTC increased noise in the data due to the
lower cloud observed in Fig. 1 caused problems deter-
mining τlidar. Before that, one can see that τlidar from
integrating αcirrus

lidar seems underestimated. This could be
due to a too low assumption of Lcirrus, which would con-
firm our earlier reasoning when comparing αcirrus

lidar with
αin-situ in Fig. 5.

3.3. 2013-02-20

3.3.1. In-situ data

On 2013-02-20 a cirrus was measured by the in-situ in-
strument between 9.0 km and 10.5 km altitude. Of all col-
lected particles a representative sample of 279 has been
analysed. These particles are from three layers within the
continuous cloud: bottom, middle, and top. On this day,
the particle concentrations were relatively high (86 L−1,
220 L−1, and 370 L−1 at the cloud bottom, middle, and
top, respectively). Fig. 4 showed the area size distribution
for the complete cirrus layer. The extinction coefficients
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Figure 6. Optical depth τ determined from lidar mea-
surements on 2016-02-12. Results from directly looking
at attenuation of the signal from below to above the cloud
and from integration of αcirrus

lidar , determined from BSR are
compared.

in these three layers are αin-situ = 0.22 km−1 at around
9.2 km; 0.28 km−1 at 9.8 km, and 0.26 km−1 at 10.3 km.
While number concentrations increased with increasing
altitude and decreasing temperature (from −56 °C at the
cloud bottom to −66 °C at the top), extinction coefficients
stayed almost constant. The values for αin-situ, despite
the higher number concentrations, were similar or lower
than on 2016-02-12. The overall optical depth τin-situ on
2013-02-20 of 0.41, however, was smaller than on 2016-
02-12 because of the cloud being geometrically thinner.

3.3.2. Extinction coefficient from lidar data

For lidar measurements on 2013-02-20, extinction coef-
ficients αcirrus

lidar determined from the BSR are shown in
Figures 7, 8, and 9. On that day both lidars operated and
profiles from about 11:00 UTC are shown in Fig. 9. After
that time the IRF lidar was stopped due to increased stray
light issues. The best time for comparison with the in-situ
measurements would have been around 11:30 UTC. Pro-
files of αcirrus

lidar from the Esrange lidar are shown for both
these times.

On 2013-02-20 values for αcirrus
lidar and αin-situ were more

similar than on 2016-02-12. However, the two profiles
for the Esrange lidar show how much αcirrus

lidar can vary in
a short period of time of 30 min. Also in 4 min, from one
profile to the next, αcirrus

lidar may change by 50% in certain
layers. The better agreement between αcirrus

lidar and αin-situ
indicates that the assumed lidar ratio of 20 sr may be a
better guess on this day.
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Figure 7. Extinction coefficients αcirrus
lidar determined from

BSR of IRF lidar on 2013-02-20.
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3.3.3. Optical depth

Fig. 10 shows time series of τlidar on 2013-02-20 deter-
mined using the methods described in Sections 3.2.5 and
2.2.2. For both the IRF and Esrange lidar the optical
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Figure 10. As Fig. 6, but for 2013-02-20.

depths from the two methods seem to agree much better
on this day. This indicates that the assumed lidar ratio,
as already speculated in Sect. 3.3.2, is indeed better on
2013-02-20 than on 2016-02-12. For the Esrange lidar
the agreement seems very good, so that Lcirrus = 20 sr is
the best lidar ratio resulting from this optical depth com-
parison. For the IRF lidar, Lcirrus = 20 sr also seemed
a good assumption for the whole measurement period on
2013-02-20. However, in the earlier hours (7:00 to 9:30
UTC) a somewhat higher lidar ratio would have yielded
a better agreement.

4. CONCLUSIONS AND FURTHER WORK

We have shown the first collocations of our ongoing
balloon-borne cirrus campaign that started in 2012. A
comparison between in-situ measurements and ground-
based lidar measurements has been presented for two
days of the campaign. In general, good agreement in ex-
tinction coefficients and optical depths from in-situ and
remote sensing was observed when a suitable lidar ra-
tio was selected. While this best lidar ratio was approxi-
mately 20 sr on a day with small particles (2013-02-20),
it was larger, around 40 sr, on the other day (2016-02-12),
on which larger particles were observed by the in-situ
measurements. This agrees with a dependence of lidar
ratio on ice particle size observed by [23].

This shows how combining our in-situ measurements
with concurrent ground-based lidar measurements pro-
vide data that complement each other. While the in-situ
measurements provide detailed information of the micro-
physical properties of the cirrus probed by balloon, the

lidar serves also to characterize the temporal and spatial
evolution of the cirrus that we sampled.

The comparison of extinction coefficients and optical
depth, quantities derived from both in-situ data and lidar
measurements is somewhat difficult because exact collo-
cations in time and space cannot easily be achieved. The
smallest collocation distances in our measurements are
on the order of 20 min and 20 km. While this may be sat-
isfactory under certain conditions, it may be too far under
different conditions. Thus, a more carful analysis of the
meteorological conditions on the measurement days will
be necessary to evaluate how homogeneous or not cirrus
layers are in spatial dimensions and how they evolve over
time.

Therefore, rather than in a direct comparison of extinction
coefficients, a major benefit of having concurrent lidar
observations with our in-situ measurements will be in the
further studies that are possible. So far we have not used
the information on the polarization of the backscattered
light that the lidar can provide. Depending on the shape
of ice particles, the scattered light measured by lidar is
more or less polarized. Thus, we will compare also the li-
dar depolarization ratios with the observed shapes, which
could aid a determination of dominant shapes from lidar
depolarization ratios. The lidar ratio will also be stud-
ied more in detail by looking at relationships between li-
dar ratio and cloud microphysical properties from in-situ
measurements. In addition to looking at effects of particle
size on the lidar ratio, we can also look at the effects of
the shape on it. If the lidar ratio can be determined more
directly and accurately, then this can reduce uncertainties
in lidar derived quantities. In addition, one may infer cer-
tain microphysical properties such as dominant shape or
size from lidar ratios. For this, the lidar ratio could be
derived independently from the vibrational Raman chan-
nel [19] of the Esrange lidar. This will require night-time
measurements with less stray light. Such night-time mea-
surements would also have the additional benefit of much
reduced signal-to-noise ratios in all lidar data. All this
planned future work will help to provide better ice cloud
properties from lidar-only measurements of cirrus at high
latitudes.
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Abstract. Ice particle and cloud properties such as particle
size, particle shape and number concentration influence the
net radiation effect of cirrus clouds. Measurements of these
features are of great interest for the improvement of weather
and climate models, especially for the Arctic region. In this
study, balloon-borne in situ measurements of Arctic cirrus
clouds have been analysed for the first time with respect
to their origin. Eight cirrus cloud measurements have been
carried out in Kiruna (68◦ N), Sweden, using the Balloon-
borne Ice Cloud particle Imager (B-ICI). Ice particle diame-
ters between 10 and 1200 µm have been found and the shape
could be recognized from 20 µm upwards. Great variability
in particle size and shape is observed. This cannot simply
be explained by local environmental conditions. However, if
sorted by cirrus origin, wind and weather conditions, the ob-
served differences can be assessed. Number concentrations
between 3 and 400 L−1 have been measured, but the number
concentration has reached values above 100 L−1 only for two
cases. These two cirrus clouds are of in situ origin and have
been associated with waves. For all other measurements, the
maximum ice particle concentration is below 50 L−1 and for
one in situ origin cirrus case only 3 L−1. In the case of in situ
origin clouds, the particles are all smaller than 350 µm di-
ameter. The PSDs for liquid origin clouds are much broader
with particle sizes between 10 and 1200 µm. Furthermore, it
is striking that in the case of in situ origin clouds almost all
particles are compact (61 %) or irregular (25 %) when exam-
ining the particle shape. In liquid origin clouds, on the other
hand, most particles are irregular (48 %), rosettes (25 %) or
columnar (14 %). There are hardly any plates in cirrus re-

gardless of their origin. It is also noticeable that in the case
of liquid origin clouds the rosettes and columnar particles are
almost all hollow.

1 Introduction

Cirrus clouds have a great influence on the radiation balance
of the Earth and thus also on the climate (Liou, 1986; Sassen
and Comstock, 2001). However, despite decades of research
there are still questions which are not fully answered (Potter
and Cess, 2004; Boucher et al., 2013). Some open questions
are, for example, the following. How are the ice particles dis-
tributed vertically? How many small particles (< 50 µm) are
contained in a cloud and contribute to the ice water content
(IWC) and optical properties? What are the optical proper-
ties of complex ice particle shapes? Imprecise knowledge of
ice particle and cloud properties, such as particle size, shape
and number concentration, leads to a remaining uncertainty
about the radiation effect of the clouds and the resulting im-
pact on the climate. Depending on various particle and cloud
properties, cirrus clouds can have a warming or also a cool-
ing effect (Freeman and Liou, 1979; Liou, 1986; Platt, 1989;
Kienast-Sjögren et al., 2016).

Particle shape and size distribution information are impor-
tant for a more precise parameterization in models to better
calculate the radiant fluxes, as described by Schlimme et al.
(2005). A result of their study was that particle shape has a
greater influence on the optical properties of the cloud than
size distribution. In addition to shape and size distribution,

Published by Copernicus Publications on behalf of the European Geosciences Union.



17372 V. Wolf et al.: Arctic ice clouds over northern Sweden

roughness and hollowness of the particles are also of inter-
est, as they also influence the optical properties, as described
for example by Tang et al. (2017). Gu et al. (2011) confirmed
that accurate knowledge of particle properties leads to better
and more realistic parameterizations and can thus improve
the retrievals for remote sensing methods as well as weather
and climate models.

Several studies (e.g. Lynch, 2002; Spichtinger et al., 2005;
Krämer et al., 2016; Heymsfield et al., 2017, and references
therein) have shown how ice cloud properties depend on me-
teorological and ambient conditions, such as frontal systems,
waves, temperature and humidity. Spichtinger et al. (2005),
for example, described that uplift by waves not only led to
an increase in supersaturation, but also to the formation of
a cirrus that became optically thick within 2 hours. Also,
Krämer et al. (2016) found different cirrus types, which are
dependent on the formation mechanism and can be thicker
(more IWC) or thinner (less IWC) due to the speed of the up-
draught. They have found that a cirrus with high (low) IWC
is associated with a high (low) particle concentration.

In addition to considering the local environmental condi-
tions, ice clouds may be classified and analysed with respect
to conditions at their origin (Krämer et al., 2016; Wernli
et al., 2016). Certain characteristic properties may then be
attributed to one of two origin types, liquid origin or in situ
origin.

The Fourth Assessment Report of the Intergovernmental
Panel on Climate Change (Solomon et al., 2007) points out
that improved knowledge about clouds in the Arctic is a pri-
ority because the high latitudes are much more affected by
climate change than other latitudes. Due to the remoteness of
large parts of the Arctic region, clouds there have been stud-
ied far less often than at other latitudes. Furthermore, most
of the measuring campaigns in the Arctic have been aircraft
measurements but not always especially dedicated to Arc-
tic cirrus measurements. Campaigns in which cirrus clouds
were investigated are, for example, POLSTAR 1997 (Schiller
et al., 1999), FIRE-ACE 1998 (Lawson et al., 2001), IN-
TACC 1999 (Field et al., 2001), ASTAR 2004 (Gayet et al.,
2007), M-PACE 2004 (Verlinde et al., 2007) and ISDAC
2008 (McFarquhar et al., 2011).

Ice particle sampling by aircraft suffered from shattering
effects at the instrument inlet due to high aircraft speed (e.g.
Korolev et al., 2011, 2013; Jackson et al., 2014). This shat-
tering led to incorrect size distributions with too many small
particles. A new inlet design and algorithm might overcome
this problem, at least partly (Korolev et al., 2013; Jackson
et al., 2014). Another problem with aircraft measurements,
where the instrument is fixed under the wing, is that the
air around the wing is compressed and in order to calculate
the number concentration, the temperature and pressure must
be corrected to match the ambient undisturbed conditions
(Weigel et al., 2016). Balloon-borne measurements avoid
both of these issues. An additional advantage of balloon-
borne measurements is that vertical cloud profiles can be

measured with high spatial resolution. Furthermore, it is pos-
sible to measure with very high image resolution.

This study discusses balloon-borne measurements of par-
ticle properties with a particular emphasis on particle shape
and size. For this, particles were imaged with a very high im-
age resolution (1 pixel= 1.65 µm) so that the shape is identi-
fiable from a size of 20 µm upwards. For aircraft measure-
ments, in comparison, the often used optical array probes
record the shadow of particles with pixel resolutions be-
tween 10 and 25 µm (Knollenberg, 1981; Lawson et al.,
2006; Baumgardner et al., 2017). The cloud particle imager
(CPI; Lawson et al., 2001) has a comparable pixel resolution
of 2.3 µm so that it may be used for smaller particles if they
are in focus.

The balloon-borne in situ measurements have been carried
out north of the Arctic Circle in Kiruna, in order to obtain
high-resolution images of ice particles in cirrus clouds and
thus provide accurate information on Arctic cirrus clouds and
their particles. The measured cirrus clouds have been sorted
according to their cloud origin, the meteorological situation
and the wind direction. The analysis focuses on ice particle
shape, size and number concentration in relation to these con-
ditions. The following sections describe the measurements
and the instruments used. The collected data are then pre-
sented, analysed and discussed. Finally, the results are sum-
marized.

2 Campaign description

2.1 Location and general meteorological conditions

Balloon-borne in situ cirrus measurements have been car-
ried out at Esrange Space Center (ESRANGE), which is
a rocket range and research centre 40 km east of Kiruna.
Kiruna (68◦ N, 20◦ E) has a subarctic climate as it is located
north of the Arctic Circle and east of the Scandinavian Moun-
tains.

During winter months the conditions are influenced by the
Arctic polar vortex, which is highly variable on the North-
ern Hemisphere. Kiruna is often close to the edge or inside
the polar vortex with low temperatures in the lower and mid-
dle stratosphere. However, the weather as well as the po-
lar vortex is also influenced by the positions of the plane-
tary Rossby waves that determine the mid- and high-latitude
weather. In early winter, but even later, the weather situa-
tion is usually still very unstable with a stronger influence
of the low-pressure systems along the polar front, leading to
wind mostly from the westerly directions, over the moun-
tain range, but even from the south-east pushing air masses
from the Baltic Sea over the north of Sweden. Under sta-
ble conditions, that usually occur later in winter, with Kiruna
being close to or inside the polar vortex, winds from west-
erly directions prevail and lead the air masses over the Scan-
dinavian mountain range. Over Kiruna and ESRANGE the
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increased chance for orographically induced waves leads to
observations of related cloud formations. Additionally, under
stable winter conditions, e.g. due to the influence of the Arc-
tic and Siberian high pressure, the low amount of sunlight
leads to a continuous radiative cooling that causes low tem-
peratures in the lower and middle troposphere. This leads to
very strong ground inversions, and approaching frontal sys-
tems often dissolve.

All measurement days are in the winter season between
the end of November and the beginning of April. Above ES-
RANGE the minimum temperature in the troposphere during
the measurement days is between −70 and −55 ◦C. Meteo-
rological conditions on these days are described in Sect. 3.1.

2.2 Measurement methods

For balloon-borne measurements of cloud and ice particle
properties, an in situ imager, the Balloon-borne Ice Cloud
particle Imager (B-ICI), and a radiosonde have been used.
For a typical measurement, both are carried by the same
balloon, ascending at an average vertical speed of approxi-
mately 4 m s−1 through the troposphere and up to an altitude
of about 13 km. The balloon type used is a plastic balloon
(Raven Aerostar, 500 m3). Auxiliary data from two lidars,
one located at the Swedish Institute of Space Physics (IRF,
Kiruna) and one at ESRANGE, as well as a radar located at
ESRANGE are also used. The heart of these measurements
is the in situ imager. This device with related methods and
the instruments to support the measurements are described
in this section.

2.2.1 In situ imager

The in situ imager, B-ICI, was built for this campaign and
is a light-weight (approx. 3 kg) probe for balloon-borne use.
In an experiment, while ascending through the vertical ex-
tent of encountered ice clouds, it captures ice cloud particles
and images them optically with a high-resolution CCD cam-
era. The images are stored on a memory card for post-flight
analysis. Then, at a height of about 13 km, the instrument is
cut off from the balloon and descends with a parachute back
to ground, where it can be recovered. All measurements re-
ported here have been carried out during winter months when
ground was covered by snow and lakes were frozen. This al-
lowed for safe landings and subsequent easy recovery of the
instrument payload and image data by helicopter.

The balloon-borne probe B-ICI has been described by
Kuhn et al. (2013) and Kuhn and Heymsfield (2016); how-
ever, for clarity, details of the instrument will be provided
here too. Figure 1 shows the top view of the instrument with
removed covers. It consists of two main units: the ice par-
ticle collecting and imaging unit which comprises the inlet
(label a in Fig. 1), oil-coated film (b) and part of the imaging
optics (microscope objective, mirror and illuminating LED);
and the control unit comprising battery, camera (c), motor (d)

Figure 1. Top view on the open in situ imager B-ICI. (a) Inlet
where particles enter during measurement; (b) oil-coated moving
film; (c) CCD camera with an objective takes grey-map pictures ev-
ery 1 s; (d) motor which moves the film; (e) computer and battery;
(f) LED to illuminate the film.

and computer (e). As the imager is ascending under the bal-
loon, ice particles enter through the inlet. The inlet opening
is approximately 31mm× 31 mm, so that at any moment a
31 mm long section of the oil-coated film is exposed to cloud
ice particles. The 4 m long film is continuously moving at
constant speed (1.1 mm s−1) to always expose new, un-used
film and avoid superposition of particles. The film is 8 mm
wide and centred under the inlet so that air will pass around
the film on either side. Directly beneath the inlet, an open-
ing on the lower side of the instrument’s collecting unit with
the same dimensions as the inlet allows air to move through
the collecting unit. Ice particles entering directly above the
film, due to their inertia, do not follow this air stream around
the film and collide with it instead. Thus, these ice particles
are collected, and due to the oil-coating will stay on the film.
The collection efficiency has been discussed by Kuhn and
Heymsfield (2016) and is 50 % at approximately 12 µm and
80 % at around 25 µm and higher for larger particles.

A camera system images the film 38 mm from the inlet.
Hence, ice particles on the film are photographed shortly af-
ter collection. This camera system consists of a microscope
objective, a tube lens and a CCD sensor (1280× 960 pix-
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Figure 2. Classification of the different particles into five shape groups: compact, irregular, columnar, plates and rosettes.

els). The imaging optics has a high pixel resolution of
1.65 µm pixel−1 and an optical resolution of approximately
4 µm (as judged from the smallest details that can be dis-
cerned on the images).

2.2.2 Image processing

After recovery of the instrument and its image data, images
are retrieved from the memory card for the following im-
age processing on an office computer. In the first step of the
three-step image processing procedure, particles are traced
manually aided by a graphical computer program. This step
could not be automated yet due to effects of the oil coating
creating both shadows and bright regions around ice parti-
cles. In the second step, these outlines are filled and images
are converted to binary masks with true pixels representing
ice particles (belonging to one of the filled outlines) and false
pixels representing background pixels not belonging to any
filled outline. Ice particles on the binary masks are identified
and their edges are found (with the MATLAB function bw-
boundaries). Then, particle size, area, area ratio and number
concentration are determined from these particle edges. This
second step is carried out automatically.

As a measure of particle size, we use a particle maxi-
mum dimension, Dmax. Several different definitions of par-
ticle maximum dimension are in use in the literature (see for
example Wu and McFarquhar, 2016, and references therein)
and we have chosen the diameter of the smallest circle that
encloses the whole particle. The number concentration n is
determined from the number of ice particles collected on a
given area of the film. The conversion accounts for the instru-
ment’s sample flow rate of approximately 130 cm3 s−1 and
has been described by Kuhn and Heymsfield (2016). Parti-
cle size distributions dn/dDmax =N are then derived from n

in size bins (equally spaced on a linear size scale) by divid-

ing n by the size bin width. It should be noted here that the
sampling flow rate of the B-ICI, and also the sample volume,
is independent of the particle size for sizes above approxi-
mately 25 µm, where sampling efficiency approaches 100 %
(see above). For most aircraft-mounted probes such as the
optical array probes this is not the case and sample volume
directly depends on particle size, in particular for particles
below about 200 µm in size, which results in large uncertain-
ties in the sample volume depending on the choice of parti-
cle maximum dimension (Wu and McFarquhar, 2016). Our
choice of maximum dimension is the one recommended by
Wu and McFarquhar (2016), and, due to the size-independent
sample volume here, it does not have an important impact on
the derived number concentrations and size distributions.

In the third step, ice particles are manually classified into
shapes by looking at each individual ice particle. The high-
resolution images of ice particles allow us to identify shapes
of particles with sizes of approximately 20 µm (12 pixels)
or larger. Each ice particle is assigned to one of five shape
groups: compact, irregular, rosettes, plates or columnar par-
ticles. These groups were defined based on a classifica-
tion by Bailey and Hallett (2009). Figure 2 shows cases
of each group. Compact particles have no pronounced fea-
tures deviating from a compact geometry and include parti-
cles of spheroidal shape. Rosettes include all types of bul-
let rosettes, column rosettes, sheath rosettes and irregular
rosettes. Rosettes can have two or more arms. Plates and
columnar particles are symmetrical with simple hexagonal
geometries. They will most likely attach to the oil-coated film
with one of their facets having the longest dimension. Thus,
we classify particles visible with a hexagonal basal facet as
plates and ice particles that show the longer prism facets as
columnar. In addition to hexagonal columns, the shape group
of columnar particles also includes single bullets. Irregulars
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Table 1. List of measurement days, launch and cut-off times, cloud height, mean temperature, cloud origins, and meteorological situations.

Date Flight time Cloud height T Origin Meteorological situation wind waves
start – cut off base – top direction
UTC m ◦C

4 Apr 2012 12:09 – 13:08 5550 – 7270 −49.5 in situ occlusion NW waves
20 Feb 2013 11:15 – 12:17 8980 – 10 440 −62.3 in situ orographic/before cold front NW waves
15 Mar 2016 08:26 – 09:38 8950 – 11 550 −56.5 in situ orographic/before cold front NW waves
15 Dec 2016 10:03 – 11:04 10 120 – 11 750 −65.5 in situ occlusion NW no waves

18 Dec 2013 10:45 – 11:46 7960 – 8050 −52.6 liquid occlusion NW waves
20 Mar 2014 12:39 – 13:42 6020 – 8630 −49.3 liquid warm front NW no waves
1 Apr 2015 09:40 – 10:34 1940 – 8410 −34.2 liquid low-pressure centre/after occlusion SSW no waves
12 Feb 2016 09:38 – 10:42 3400 – 10 640 −38.7 liquid warm front SSW no waves

are those particles that cannot be sorted into any other group.
For each measured cirrus cloud, all particles are assigned to
one of the five shape groups.

The vertical resolution of particle number concentrations
and size distributions depend on the number (or number con-
centration) of collected particles. In the case of high parti-
cle number concentration, averaging over 10 s is sufficient,
which corresponds to around 40 m vertically. For the size dis-
tributions, a slightly higher averaging period has to be used.
If the particle number concentration is low, only one size dis-
tribution over the whole cloud can be averaged. This results
in different vertical resolutions for the different measurement
flights.

The sizing accuracy can be estimated by assuming an ef-
fective error of a few pixels when tracing the outline of ice
particles. For small particles with about 20 µm (12 pixels) in
size this error may be estimated as 2 pixels corresponding
to approximately 17 % sizing error. For larger ice particles
the error can be of the order of 3 pixels or 5 µm, which cor-
responds to 10 % for a 50 µm ice particle and 5 % and less
for 100 µm or larger ice particles. This is similar to the ex-
perimentally determined sizing error of 4 % by Kuhn et al.
(2012) who used comparable imaging optics.

2.2.3 Radiosonde, lidars and radar

A radiosonde is connected to the in situ imager B-ICI. It
measures temperature, humidity, altitude and geographical
position. Thus, these parameters can be assigned to the pho-
tographed ice particles. The RS92 from Vaisala is used for
these measurements.

If available, the data from simultaneous observations by
a radar and two lidars located in Kiruna and surround-
ing are also used. ESRAD, an atmospheric mesosphere–
stratosphere–troposphere radar (Kirkwood et al., 2007) lo-
cated at ESRANGE provides information on the dynamic
state of the atmosphere, winds and waves. Whenever lidar
measurements are possible, these are used to complement the
in situ balloon-borne measurements. One lidar is located at
IRF (about 30 km away from ESRANGE) and another one is

located at ESRANGE close to the balloon launch pad. The li-
dar at IRF (Voelger and Nikulin, 2005) is an elastic backscat-
ter lidar and the one at ESRANGE is a Raman–Mie lidar
(Blum and Fricke, 2005). When retrieving the extinction
coefficients from lidar measurements, an uncertainty arises
from the fact that the lidar ratio (extinction coefficient di-
vided by backscatter coefficient) is not known. An additional
uncertainty stems from the fact that the lidar beam and B-ICI
do not sample the cloud at the same location. Even though
air parcels sampled by the lidar may advect close to the bal-
loon trajectory, a certain distance usually remains. Despite
these uncertainties, a preliminary study found that the extinc-
tion coefficients retrieved from lidar measurements compare
favourably with the extinction measurements of B-ICI (Kuhn
et al., 2017). However, here we have not retrieved the extinc-
tion coefficient, and the remaining distance between lidar and
B-ICI measurements has not been considered. In this study,
only the backscattered signal is directly used as complemen-
tary information to assess the temporal and spatial character-
istics of the ice clouds sampled with the B-ICI.

3 Classification of measurements

Data from eight measurement flights are presented in this
study. The following subsections describe the classification
of the clouds probed on those days. In Table 1 the flight times
of the balloons and the classification of the cirrus clouds by
weather conditions (see Sect. 3.1) and formation origin (see
Sect. 3.2) are listed. In Sect. 3.3, the microphysical properties
of the observed ice clouds are presented.

3.1 Weather conditions

Weather conditions on the measurement days have been
analysed using weather maps, such as ground pressure
with frontal analysis (from Deutscher Wetterdienst) and
500 hPa geopotential (from http://www.wetter3.de, last ac-
cess: 22 November 2018), and IR satellite images (from
MSG-EUMETSAT, http://www.woksat.info/wos.html, last
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Figure 3. (a) The 24 h back trajectories of the average cloud height air mass for all days are shown and (b) the trajectories of the balloon
measurements (dashed lines: in situ origin, solid lines: liquid origin). The air mass back trajectory latitudes and longitudes are calculated by
CLaMS. The balloon coordinates were measured by the RS92 sonde.

Figure 4. Extinction coefficient in km−1 derived from IRF lidar (a) and vertical velocity in m s−1 obtained from ESRAD on 20 February
2013 (b).

access: 22 November 2018). The wind direction is ascer-
tained with the help of the balloon trajectories and the back
trajectories of the air mass. Figure 3 shows the back trajec-
tories of air parcels at middle cloud heights (arithmetic mean
between the bottom and top of the cloud) for 24 h before
the flight (Fig. 3a) and the trajectories of the in situ imager
flights (Fig. 3b). It can be seen that the wind came from the
south only on two of the eight days. On all other days, the
wind direction was north-west and thus over the Scandina-
vian Mountains. In this case, waves can occur. Indications for
this have been observed by ESRAD or lidar on four days. For
one day (20 February 2013), Fig. 4 shows the lidar extinction
coefficient (a) and the ESRAD vertical velocity (b). The radar
can yield vertical velocities based on the Doppler shift of the
backscatter signal. The variation in vertical velocities over
time and altitude show very clearly that there were waves
present at that time, and the horizontal wind direction points
to the mountain range as source. In the case of lidar, the ex-
tinction coefficient shows the appearance and disappearance
of clouds and the slope of clouds (inclination of cloud stripes
on the altitude–time plot), which indicate waves.

The cirrus clouds were caused four times in the context
of an occlusion and twice in relation to a warm front. Twice

the cirrus clouds were formed in front of a cold front due
to strong wind and orographic uplift over the Scandinavian
Mountains.

3.2 Cirrus origin

A simple and quite new method of classifying clouds is based
on their origin. Two possible cirrus origins are distinguished,
liquid and in situ. This classification is described in detail by
Krämer et al. (2016) and Luebke et al. (2016) and is briefly
outlined in the following.

The classification is based on cloud origin temperature, i.e.
the temperature during formation of the cloud.

1. In situ origin cloud: homogeneous freezing of solution
droplets or heterogeneous (deposition nucleation) at
temperatures < 235 K (with RHwater < 1, and RHice >

1).

2. Liquid origin cloud: heterogeneous or homogeneous
freezing of pre-existing cloud droplets at temperatures
> 235 K (with RHwater <∼ 1 and RHice > 1). In the
case of a liquid origin cloud, the ice particles formed
at lower altitudes via the liquid phase and were subse-
quently lifted to the cirrus temperature range (< 235 K).
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Figure 5. Temperature (red) and relative humidity profiles (blue) with respect to ice for the eight measurement days (a: in situ origin, b:
liquid origin). The clouds upper and lower edges are marked by horizontal lines.

As formation in this context, we consider the time when
the IWC started to be greater than zero, or 24 h before the
in situ measurement in case IWC was greater than zero dur-
ing these 24 h. Consequently, the cirrus origin is determined
here using temperature and IWC along 24 h back trajecto-
ries. The Lagrangian microphysical model CLaMS-Ice (Lue-
bke et al., 2016) is used to calculate these trajectories, start-
ing from locations along the balloon flight paths, based on
ECMWF ERA-Interim meteorological fields as input. Tem-
perature is interpolated onto the trajectories, whereas the
IWC along the trajectories is simulated with CLaMS-Ice.
The origin of an observed cirrus cloud is identified as in situ
origin if the temperature of the trajectory is always below
235 K. In case the temperature was originally higher than
235 K and the trajectory already carried IWC at the time tem-
perature crossed 235 K towards colder values, the observed
cirrus is assigned as liquid origin. The resulting classifica-

tions are listed in Table 1. Half of the measured cirrus clouds
are classified as in situ origin, the other half as liquid origin.

3.3 Cloud properties

The cloud extent and average temperature for each measure-
ment are listed in Table 1, and Fig. 5 shows the corresponding
temperature and humidity profiles. Two cirrus clouds (1 April
2015 and 12 February 2016) have a vertical extension of ap-
proximately 6 km with a low cloud base at altitudes of 2
and 3 km, respectively. It may not be correct to call these
clouds cirrus. However, in both cases, the entire cloud con-
tains ice phase only, and the lower level represents, as will
be discussed later, a glaciated and previously mixed-phase
cloud layer. We believe these to be interesting cases and in-
cluded them in our cirrus study. The other six cirrus clouds
are thinner (80 m to 2 km thick) and had a higher cloud base
(over 6 km). In all cases the temperature decreases with alti-
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Figure 6. Some pictures of ice particles from all measurement days. The left panel shows ice particles from in situ origin cirrus, on the right
liquid origin crystals are displayed. For a better understanding of the size, a 100 µm bar is displayed (4 April 2012 bottom). All images have
the same scale resolution and 100 µm corresponds to 61 pixels.

tude. The temperature at the cloud tops is between −60 and
−70 ◦C. At the cloud bases, the temperature is between −45
and −55 ◦C in the case of thin clouds and between −10 and
−20 ◦C in the case of the two thick clouds. The relative hu-
midity with respect to ice in the clouds is between 80 % and
130 %. Particles with sizes between 10 and 1200 µm have
been collected. Smaller particles are not efficiently sampled
(Kuhn and Heymsfield, 2016), and larger particles have not
been encountered. Table 2 lists the size ranges and mean
number concentration for each cloud. The ice particle num-
ber concentrations are between 3 L−1 and 400 L−1 and the
profiles of the number concentration for each measurement
day are shown in Fig. 8. For each measured cirrus cloud,
the frequency of occurrence of shapes is summarized in Ta-
ble 2 as percentages corresponding to the five particle shape
groups (compact, irregular, rosettes, plates and columnar).
Some images of the particles from each measurement are
shown in Fig. 6. All particle images are shown with the same
size scaling.

4 Results and discussion

4.1 Size and number concentration

Our measurements show differences in particle size and
number concentration depending on cloud origin. This dif-

ference in size is also reflected in the number size distribu-
tion (PSD). Figure 7 shows PSDs for all measurement cases,
where possible also for different height levels. In cases of
in situ origin cirrus, all particles are smaller than 350 µm.
On three of the four days with in situ origin (20 February
2013, 15 March 2016 and 15 December 2016) all particles
are even smaller than 100 µm. The in situ origin PSDs are
fairly narrow, which indicates that the corresponding clouds
were quite young, homogeneously formed cirrus, where the
ice crystals have not yet grown to larger sizes. On 4 April
2012, the ice particles may have grown somewhat more than
on the other days with in situ origin clouds, leading to some-
what wider PSDs on that day. All distributions of the liq-
uid origin clouds extend to larger sizes and are broader than
in the case of the in situ origin. In order for the particles to
grow that large, a sufficiently high temperature with the re-
lated high water vapour concentration is required. Such con-
ditions are given for liquid origin clouds. The PSDs of the
two liquid origin clouds, originating from the south (1 April
2015 and 12 February 2016) with low cloud base (totally
frozen, previously mixed-phase cloud) and large vertical ex-
tension, are particularly wide. On these two days (see Ta-
ble 2 and Fig. 7) we have collected very large ice particles,
with maximum sizes of approximately 600 and 1200 µm, re-
spectively. The other two liquid origin clouds have similarly
narrow PSDs as the in situ origin clouds and have proba-
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Table 2. List of days, mean number concentration n, mean particle Dmax, and relative number (in %) of particles in different shape groups.

Date – origin n Dmax Compact Irregulars Rosettes Plates Columnar
min/median/max

L−1 µm %

4 Apr 2012 – in situ 37 7/96/327 38.8 42.2 16.4 0.4 2.2
20 Feb 2013 – in situ 228 14/34/91 71.7 19.3 2.5 1.8 4.7
15 Mar 2016 – in situ 13 25/41/105 72.4 21.3 4.6 0.7 1.0
15 Dec 2016 – in situ 3 25/52/102 63.9 16.8 4.2 0.0 15.1

18 Dec 2013 – liquid 16 24/84/277 4.3 69.6 6.5 8.7 10.9
20 Mar 2014 – liquid 38 11/100/492 27.2 60.8 9.5 0.3 2.2
1 Apr 2015 – liquid 8 22/201/643 7.2 23.9 49.3 1.6 18.0
12 Feb 2016 – liquid 6 5/244/1228 6.0 39.2 28.5 3.7 22.6

bly been already in the process of dissolving, and large par-
ticles lost via precipitation. On 18 December 2013, for ex-
ample, the cloud is very thin (80 m) and the relative humid-
ity (ice) above and below the cloud is even strongly under-
saturated. Many of the collected particles look as if parts
have already sublimated. Data reported earlier from aircraft
measurements at high latitudes also show a large range in
sizes comparable to the observations of our balloon mea-
surements. Gayet et al. (2007) described a measurement in
which they collected falling ice particles from a cirrus cloud
above. The size distribution between 25 and 1000 µm men-
tioned by them corresponds well with our two thick liquid
origin clouds, which had their lower edge approximately at
the same height and similar temperature. Furthermore, Sour-
deval et al. (2018) presented PSDs from five aircraft cam-
paigns (tropics: ATTREX, ACRIDICON-CHUVA; midlati-
tudes: SPARTICUS, ML-CIRRUS and COALESC). In the
averaged data, they observed, in addition to a primary mode
of sub 100 µm particles that was always present, a secondary
mode of larger than 100 µm particles that appeared only at
temperatures higher than −50 ◦C. They discussed that this
large particle mode was due to liquid origin cirrus. Thus, a
comparison with our measurements shows that in the Arc-
tic liquid origin clouds with larger particles can still occur at
lower temperatures.

In general, the PSDs are more narrow and the number con-
centration (n) higher with increasing height and decreasing
temperature. This can be clearly seen, for example, for the
in situ origin clouds in Figs. 7 and 8. The dependence of
in situ origin PSDs and n on altitude and temperature is likely
due to the main ice nucleation zone being at the cloud top.
This dependence of the PSDs and n has also been found on
a global scale (e.g. Sourdeval et al., 2018; Gryspeerdt et al.,
2018). This PSD and n trend with altitude and temperature is
not clearly seen for the liquid origin cirrus cases. This could
be explained by the fact that liquid origin cirrus form at lower
altitudes and then ascent in the prevailing updraught. The few
ice particles, nucleated in warmer and thus also moister air
masses, grow to large sizes which sediment out of the air

mass while ascending. This means that in pure liquid origin
cirrus there is no process enhancing the number concentra-
tion of smaller ice particles towards the cloud top or higher
altitude.

However, these variations in PSDs with altitude or temper-
ature are less than the general differences observed between
in situ origin and liquid origin. The broadest size distribution
at the lowest height of the in situ origin cloud on 20 Febru-
ary 2013, for example, is still much more narrow than any
distribution of the liquid origin cloud on 12 February 2016 .
This is also true for the other measurement days, even when
considering the two liquid origin clouds with narrower PSDs,
which are still broader than in situ PSDs at similar temper-
atures. That means that size distributions measured in dif-
ferent clouds but at similar altitudes and temperatures can
be significantly different. While these differences are obvi-
ously not only related to the local ambient conditions, they
are strongly related to the cloud origin.

The total number concentrations are shown in Fig. 8 as al-
titude profiles for all eight measurement days (a: in situ ori-
gin, b: liquid origin). The number concentrations of the liquid
origin clouds are relatively low (5 to 70 L−1). The lower n in
comparison to Luebke et al. (2016), who found a median ice
number concentration slightly above 100 L−1 in liquid ori-
gin midlatitude cirrus, might be due to a lower number of
ice nucleating particles (INPs) in Arctic regions (Costa et al.,
2017), which are necessary for heterogeneous freezing. How-
ever, low number concentrations could also be caused by a
dissolving cloud state. To confirm this, one would need INP
or humidity measurements during some time before our mea-
surements, hence we can only speculate here.

Comparing 20 February 2013 and 12 February 2016, it can
be seen that the maximum concentration of the in situ origin
cloud is approximately 20 times greater than in the liquid
origin cloud. This much higher number concentration in the
case of this in situ origin cloud does not apply to all of our
in situ origin cases, but only to two measurements (20 Febru-
ary 2013 and 4 April 2012). On 15 March 2016, n is similar
as in the case of liquid origin measurements and on 15 De-
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Figure 7. Number size distributions for all measurement days for different cloud levels (a: in situ origin; b: liquid origin).

cember 2016 n is very low with just 3 L−1. Such high dif-
ferences in n between in situ origin clouds may be related
to the influence of wave activity. The two days (20 Febru-
ary 2013 and 4 April 2012) with higher number concentra-
tion (300–400 L−1) and also 15 March 2016 are connected to
very strong winds coming from the north-west that have led

to waves, which have been observed by ESRAD or lidar on
both days. These waves with their related high vertical ve-
locities can be the needed trigger for such high number con-
centrations (e.g. Lohmann and Kärcher, 2002). Field et al.
(2001) showed that number concentrations in wave clouds
can even rise with decreasing temperature up to 100 000 L−1.
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Figure 8. PSDs at different cloud levels for all measurement days (a: in situ origin; b: liquid origin).

In contrast, the midlatitude in situ origin cirrus observa-
tions, described by Krämer et al. (2016) and Luebke et al.
(2016), showed lower n than those in the Arctic. The rea-
son may be that most of the Arctic in situ observations are
influenced by waves with high vertical velocities triggering
homogeneous nucleation of many ice crystals. Such observa-

tions were very rare in Krämer et al. (2016) and Luebke et al.
(2016).

Krämer et al. (2016) discussed two types of in situ ori-
gin cirrus. The first type appears in slow updraughts, e. g. in
warm conveyor belts. The ice is nucleated mostly heteroge-
neously and the corresponding ice particle number concen-
trations are in the range of the available INPs and rather low.
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Figure 9. Occurrence of different particle shapes depending on cloud origin (a) and average Dmax for the different shapes (b). Mean values
of shape and size of the four in situ origin (grey) measurements and four liquid origin (light blue) measurements. Mean values of shape and
size of one in situ origin measurement day (black) and of one liquid origin measurement day (blue).

This applies to the majority of the measurements analysed by
Krämer et al. (2016) and Luebke et al. (2016) and to one of
our measurement days (15 December 2016).

In the second type which is related to fast updraughts, the
ice particles formed by homogeneous nucleation. This is re-
flected in a high number concentration and is more often the
case in our measurements. As a result, in our case three of
the in situ origin clouds have higher or about the same n as
liquid origin clouds.

Liquid origin clouds are typically present in the case of
convection or large-scale transport such as warm conveyor
belts. The cirrus ice particles of liquid origin are mostly
formed by heterogeneous freezing at lower altitudes and tem-
peratures above 235 K, where typically mixed-phase clouds
occur. They are uplifted into the in situ temperature range
where they at last fully glaciate. In the original altitude, more
water vapour and INPs are available, resulting together with
the continuous updraught in larger particles, higher number
concentration and thus higher IWC compared to the in situ
origin clouds with slow updraught. As indicated earlier, dif-
ferences between midlatitudes and high latitudes may then
be explained by differences in the available INPs for liquid
origin clouds and the larger influence of waves on our mea-
surement cases in the Arctic in the case of in situ origin.

4.2 Shape

In our individual cases there is no significant dependence of
the shape on temperature and relative humidity (with respect
to ice). Furthermore, no particular dependence of particle
shape over the height was found. Therefore, we are reporting
the average frequency of occurrence of the different particle
shapes (see Table 2) and discuss how that varies depending
on cloud origin. These average frequencies of shape occur-
rence for in situ origin and for liquid origin clouds are also
shown in Fig. 9a. Figure 9b shows how the average particle
sizes of the different shapes vary depending on the cloud ori-
gin. As can be seen in Figs. 6 and 9, in the case of in situ
origin, the particles are usually small in size and compact or
irregular in shape. However, in the case of liquid origin, the
particles are most commonly irregular and rosettes.

In situ origin clouds form at a temperature range (< 235 K)
where the water concentration in the atmosphere is much
lower than at the warmer temperatures at which ice forms in
liquid origin clouds. This, combined with the usually higher
number concentrations of ice particles formed in in situ ori-
gin clouds (fast updraughts) and the resulting competition for
water vapour, does not allow for forming very large and com-
plex particles. Hence, it is understandable that most of the
in situ origin cirrus particles found were compact. It should
be noted that in some cases large ice crystals can also form
in in situ origin clouds under calm (low vertical updraughts)
or clean conditions (low INP concentration). In these cases,
the number concentration would be very low, which in turn
would allow the ice crystals to grow to larger sizes (e.g.
Jensen et al., 2008). However, this type of cirrus cloud is
not dominating our observations or the large collection by
Krämer et al. (2016) and Luebke et al. (2016).

While compact particles are on average the smallest ones,
rosettes, irregular and columnar particles in liquid origin
clouds are largest. Liquid origin cirrus clouds, in contrast
to in situ origin cirrus, form at warmer temperatures with
higher water vapour content in the air. Therefore, the ice par-
ticles can grow larger and also to more complex shapes. Par-
ticularly large ice particles have been observed on the two
days (1 April 2015 and 12 February 2016) where the lower
part of the cloud was in the temperature regime of mixed-
phase clouds. As discussed earlier, at the time of measure-
ment these two clouds were completely frozen. However,
the liquid water, which was probably present at some ear-
lier stage, has contributed to the observed extensive growth.
This is in agreement with Bailey and Hallett (2009), who
claimed that a high supersaturation is needed for the growth
of rosettes and hollow columns, which are abundant on those
days. Fewer rosettes are found on the other two days (18 De-
cember 2013 and 20 March 2014). This may be unexpected;
however, it may be explained by larger particles falling out
of the probably ageing clouds. In fact, these clouds look like
they have been in the process of dissolving, as discussed ear-
lier in Sect. 4.1.

It is noticeable that almost all columnar particles and
rosettes are hollow in the case of liquid origin cirrus. This
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corroborates findings by others (e.g. Weickmann, 1949;
Heymsfield et al., 2002; Schmitt et al., 2006) in which mea-
surements showed that around 80 % of all collected rosettes
were hollow to a certain extent. In the case of in situ ori-
gin cirrus there are very few, and if present, then very small
rosettes and columns. Thus, a statement regarding their hol-
lowness would be rather speculative.

The supersaturation present in our liquid origin cloud mea-
surements is most of the time too low to directly explain
growth of our observed hollow rosettes and columns. Ac-
cording to laboratory measurements by Bailey and Hallett
(2004), existence of hollow rosettes requires high supersat-
uration, and hollowness of rosettes is more likely at higher
temperatures (> −40 ◦C). While the temperature and water
vapour at which the particles have been detected is too low,
ambient properties at the origin of the clouds met the con-
ditions for hollow rosette growth in the case of liquid origin
clouds. Thus, this demonstrates once more that environmen-
tal conditions at cloud origin are crucial for explaining ob-
servations.

In both origin cases, plates and columnar particles have
been rarely collected. They are on average less frequent than
any of the other shapes. This is similar to Korolev et al.
(1999) who collected only 3 % of these shapes. In Table 2
it can be seen that in the case of in situ origin clouds on
20 February 2013 the highest percentage of plates has been
sampled with only 1.8 %. Somewhat more columns have
been collected, on average 5.7 %. In the case of liquid ori-
gin these particle shapes are on average more frequent than
in the case of in situ origin, as can be seen in Fig. 9. Plates are
on average 3.0 % of all observed ice particles, and columns
are with 12.3 % even a little more frequent than compact par-
ticles (10.8 %).

Shape detection is sometimes intricate, even with high im-
age resolution. Some particle shapes may be confusing, as
also observed by others (e.g. Lindqvist et al., 2012). Here,
the assignment between irregulars and rosettes is sometimes
ambiguous, because in a few cases rosettes appear somewhat
irregular. For example, some rosettes look as if they have a
part missing or one bullet seems to be a longer column. In
such cases, we have assigned these irregular rosettes to the
shape group rosettes rather than to irregulars. In other cases,
small compact ice particles sometimes show characteristics
that indicate an initial formation of rosettes; however, we
have still classified them as compact due to their spheroidal
shape. Classifying them as rosettes would not have changed
any of the results discussed here.

For ice particles smaller than 20 µm the shape is difficult
to recognize and, consequently, some misclassification may
occur leading to over-representation of compact in this size
range and under-representation of other shapes such as plates
and rosettes. However, on the day with the smallest parti-
cles (20 February 2013) only about 6 % of all particles are
smaller than 20 µm. Thus, this issue of potential misclassifi-
cation will likely not alter our findings significantly.

5 Summary and conclusions

In this study, eight balloon-borne in situ measurements
of Arctic cirrus clouds were analysed. The balloons were
launched from Kiruna, Sweden, during winter time. Partic-
ular emphasis was placed on the analysis of ice particle
size, shape and number concentration with respect to cir-
rus origin. Since in situ origin clouds are formed from the
gas phase at temperatures below 235 K, while liquid origin
clouds formed via liquid drops at temperatures above 235 K,
the cloud and particle properties are expected to vary in ac-
cordance to cloud origin. Indeed, while large differences in
particle size, shape and number concentration are observed
between the various measurements, some similarities are no-
ticed within the two groups of data with liquid and in situ
origin clouds. These similarities and the differences between
data, when grouped into liquid and in situ origin, are summa-
rized below.

1. Particle size: Arctic cirrus clouds with particle sizes be-
tween 10 and 1200 µm have been observed. Most com-
mon in our clouds are particles with sizes between 30
and 250 µm. While in situ origin clouds have smaller
particles with sizes below 350 µm, liquid origin clouds
exhibit larger particles and wider PSDs. The ice par-
ticles of clouds with wind from the south are much
larger and fewer than ice particles from the west where
the cirrus clouds were probably triggered by strong up-
draughts associated with waves behind the Scandina-
vian Mountains.

2. Particle shape: the in situ origin clouds consist mainly
of compact and irregular particles and the liquid ori-
gin clouds of irregular, rosettes and columns. In both
cases, there are hardly any plates. The compact particles
are the smallest particles and rosettes are the largest.
Rosettes and columns are mostly hollow.

3. Particle number: the measured number concentrations
are between 3 and 400 L−1. Both extreme values have
been determined for in situ origin clouds. The maxi-
mum concentrations have occurred due to waves on the
lee side of the Scandinavian Mountains. In comparison,
in previous campaigns in the midlatitudes lower num-
ber concentrations were measured for this cloud type.
This may be explained by the fact that hardly any wave-
induced in situ origin clouds were observed in these
campaigns. Concentrations for liquid origin clouds are
low (5 to 70 L−1). In contrast, high number concentra-
tions were measured in the midlatitudes for this cloud
type, maybe caused by a higher number of INPs in the
midlatitudes than in the Arctic.

The results of this study imply that remote-sensing retrievals
and weather and climate models could be improved when
accounting for these differences rather than using parameter-
izations that only depend on local conditions. Future work
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will include more measurements for further significant sta-
tistical evaluation. In addition, we also want to allow several
B-ICIs to fly one after the other in order to investigate a tem-
poral development of the particle properties. Also, the in situ
data may help to constrain the lidar ratio, which will be tested
in future with more joint lidar and B-ICI data from our ongo-
ing campaign.
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ABSTRACT

Lidar measurements and balloon-borne in-situ
measurements were performed concurrently in
Kiruna, (Sweden) in order to study the influ-
ence of particle properties on lidar measure-
ments. By comparing the extinction coeffi-
cient profiles determined with both methods,
we find smaller depolarisation ratios and lidar
ratios when small and compact particles domi-
nate compared to situations with larger particles
and non-compact shapes.

1 INTRODUCTION

Lidar measurements provide information about
cloud geometric thickness, depolarization ratio
(δ ), backscatter coefficient (β ) and extinction
coefficient (α). However, obtaining ice particle
properties such as size, shape, cross-sectional
area and number concentration (n) is still chal-
lenging [1]. Since these particle properties can
be measured directly from concurrent balloon-
borne in-situ measurements, in this study com-
bined lidar and in-situ measurements of cirrus
are analysed. The extinction coefficients of
both measurement methods are compared and
a connection between lidar ratio (S=α/β ) and δ
to particle shape and size is investigated.

2 METHODOLOGY

Concurrent lidar ([2]) and balloon-borne in-situ
(B-ICI,[3]) measurements of three Arctic cir-
rus clouds have been performed during win-
ter time in Kiruna. Lidar observations provide

the temporal development of vertical profiles of
backscatter. A balloon drifts during ascent ac-
cording to the wind speed it experiences. Hence
both observations are spatially separated. The
wind speed at cloud level can be used to deter-
mine the time of lidar observation at which the
cloud segment probed by balloon was closest to
the lidar.

The backscatter ratio (BSR) method [2] is used
to calculate β from lidar backscatter. In order
to do this, molecular β is fitted to the backscat-
tered signal above and below a cloud. Inter-
polating between these two fits simulates the
backscattered molecular signal inside the cloud.
Temperature and pressure profiles used for this
are taken from a radiosonde, which is attached
to B-ICI. The product of β and S is α , and here
S is unknown. It is varied to achieve best agree-
ment of α from lidar with α from B-ICI. The
ratio of vertical and parallel BSR is δ . Molecu-
lar δ is 0.02.

Particle size, cross-sectional area, shape and
n are obtained from B-ICI measurements di-
rectly. As particle size, we use the diameter
of the smallest circle, which encloses the par-
ticle completely (Dmax). From n and the cross-
sectional areas measured by B-ICI α can be de-
rived. Ice particles have been sorted into five
shape groups: compacts, irregulars, rosettes,
plates and columns. The clouds have been di-
vided into distinct altitude ranges and occur-
rence frequency of particle shape groups and
corresponding median Dmax are listed in Tab. 1
for each range.

1



Table 1: Particle shape group occurrence
frequency (in %) in selected cloud layers (average
altitude in km ) for three days (1: 2018-02-28, 2:

2016-02-12, and 3: 2013-02-20) and median Dmax
in (µm)

day alt. shapes Dmax
com. irr. ros. pla. col.

1 6.5 12 40 12 6 30 196
7.5 80 4 4 2 10 22
9.5 80 5 5 0 10 23
10.5 45 10 10 5 25 64

2 5.2 8 35 35 4 18 268
6.2-
8.7

5 37 25 5 28 334

3 9.5 80 10 1 3 6 41
10.3 95 2 0 1 3 23

3 RESULTS

3.1 Extinction coefficient

Profiles of α were derived both from lidar
and from B-ICI data. For all three cases pro-
files showed very similar features despite above
mentioned constraints regarding comparability
(Fig. 1).

On 2018-02-28 the α profile derived from B-
ICI data shows several maxima (Fig. 2 dashed
line). The extinction coefficient is the product
of n and average cross-sectional area, hence,
changes in one or both parameters result in
changes of α . However, since the cross-
sectional area is approximately proportional to
Dmax, particle size is more significant than n.
The largest values of α (Fig. 2) are at about
6.5 km. This is due to particles at this alti-
tude being relatively large (see Tab. 1) while n
is only marginally increased (Fig. 3). On 2016-
02-12 particles are even larger than at that al-
titude on 2018-02-28, however, n is smaller by
orders of magnitude and thus α on 2016-02-12
remains smaller than the maximum on 2018-
02-28.

On 2018-02-28 two further layers with maxima
in α at about 7.5 km and 9.5 km stand out. Al-
though these two layers are geometrically thin
they contain 72 % of the total number of col-
lected cloud particles and therefore they have a
very high n. Since almost all particles in these
layers are very small, α is about 2 to 3 times
smaller, despite the high n, than in the lower
layer with large particles and maximum α . A
similarly large α as in these two layers, also as
a result of high n of small particles, is found on
2013-02-20.
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Figure 1: Extinction profiles derived from
measurements with B-ICI (dashed lines) and lidar
(solid lines). Lidar ratio (S in sr) is chosen to give

best agreement.
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Figure 2: Extinction profiles for 2018-02-28
(B-ICI: dashed line, Lidar: solid lines when

applying different S in sr)
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Figure 3: Particle number concentrations for the
days discussed in the text.

3.2 Lidar ratio

Lidar ratio depends on particle quantities size,
shape and orientation. According to [4], spher-
ical and small ice particles have smaller S than
non-spherical and large ones. For hexagonal
columns, modelled S varies between 10 and
90 sr depending on the wobble angle and for
plates between 0 and 35 sr ([1]).

If we consider S, which would be necessary to
obtain same α from lidar and B-ICI, S on 2018-
02-28 varies between 15 and 60 sr (Fig. 2),
which is consistent with both modelled and
measured values by [1]. Focusing on small
compact particles on 2013-02-20, small S val-
ues between 5 and 20 sr give best agreement
between lidar and B-ICI profiles (as expected,
[4]).

However, in the two thin layers at 7.5 and
9.5 km on 2018-02-28 S values of 30 to 45 sr
are required for both profiles to agree, although
particles almost exclusively are small. This can
be explained by a few (about 1 in 30) large and
not compact particles (Fig. 4) which modify S
due to their large cross-sectional areas.

For large and non-compact particles found on
2016-02-12 and on 2018-02-28 (Fig. 4) S be-
tween 20 and 60 sr is required, as expected
([1, 4]).

2016-02-12 2013-02-20 2018-02-28 

100µm 

Figure 4: Images of ice particles collected during
the balloon flights. On 2018-02-28 upper images

are examples of particles from two very thin layers
at 7.5 and 9.5 km and lower images from outside

these layers.

3.3 Depolarization ratio

Similar to S, δ depends on particle shape, ori-
entation and size ([1]). For example, long
columns have a higher δ than more compact
particles ([1, 5]).

During in-situ measurements on 2013-02-20
small, compact ice crystals made up the vast
majority of particles (Tab. 1). Similar shapes
were found inside the two thin layers at 7.5 and
9.5 km on 2018-02-28. In both cases δ was be-
tween 15 % and 20 % (Fig. 5), i.e. similar to
values by [5] who asserts that a high proportion
of small and compact particles in polar cirrus
leads to a typical δ between 20 % and 30 %.

Otherwise, particles sampled on 2016-02-12
could more often be classified as columns or
irregulars (Tab. 1). A similar mix of particle
shapes was found on 2018-02-28 outside the
two thin layers with very high n. In these
cases, δ was between 25 % and 30 % (Fig.
5). Hence, a larger portion of non-compact
and large particles leads to higher values of
δ . However, the depolarization ratios derived
from our observations are smaller than those
derived from model simulations for columns by
[1]. Reason for this is that, although the propor-
tion of columns is high, other particle shapes
were present (Tab. 1). Moreover, many of the
columns that were collected by B-ICI had im-

3



perfections (e.g. air bubbles) (see Fig. 4). Ac-
cording to [5] this can result in a decrease of
δ .

On 2016-02-12 and on 2018-02-28 δ derived
from lidar data showed large variations near the
cloud base. In both cases the particle shape
distribution did not change significantly, and
hence, is likely not the underlying reason. The
most plausible explanation is specular reflec-
tion due to particles being horizontally oriented
at certain altitudes, which would lead to de-
creased δ ([1]).

The strong increase of δ at the cloud bottom on
2016-02-12 can be explained by few, large and
non-spherical particles precipitating into a very
dry layer and sublimating.
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Figure 5: Depolarization ratio derived from lidar
data for three measurement days. Grey lines are the

heights of the particular layers on 2018-02-28.

4 CONCLUSIONS

Profiles of the extinction coefficient α were cal-
culated from simultaneous measurements with
the particle imager B-ICI and with lidar on
three occasions. Despite spatial and tempo-
ral distance, height profiles derived from both
instruments show reasonably good agreement.
While α depends on both number concentra-
tion and particle size, the latter had a greater
influence in the cases we discussed here. Lidar
ratio S and depolarization ratio δ were smaller
in cloud layers with mostly small and compact

particles compared to layers where a signifi-
cant number of larger and non-compact parti-
cles were present. Near the cloud bottom we
found layers with very low δ while particle
shape mixture showed little change. This in-
dicates specular reflection due to non-random
orientation of particles.
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3

1Lule̊a University of Technology, Division of Space Technology, Kiruna, Sweden4
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Abstract13

Parametrizations of Arctic cirrus particle size distributions (PSD) are presented14

depending on the cloud origin, which is either in situ or liquid. The data set used ori-15

ginate from balloon-borne measurements above Kiruna during winter. The observed PSDs16

are represented by gamma functions. The gamma coefficients exhibit large differences17

with regard to the cloud origin. The functions for Arctic cirrus confirm established para-18

metrizations for continental cirrus sorted by two particle size modes, but differ from oth-19

ers depending only on temperature. We suppose that the agreement between the para-20

metrizations of the geographically different cirrus is because in situ and liquid origin cir-21

rus also distinguish by particle size modes. Since cloud sorting by their origin is based22

on physical processes which are independent on geographical region, we further hypo-23

thesise that these cloud type based parametrizations might be generally valid for use in24

global models and satellite retrievals, given the distribution of the cloud types is known.25

Plain Language Summary26

Cirrus clouds consist of ice particles of different size and number. These differences27

influence their radiative properties and thus also impact on climate. A prerequisite to28

be able to accurately estimate this impact is the knowledge of ice particle size distribu-29

tions (PSD). In addition, many remote sensing retrieval methods require information about30

PSDs to determine cloud properties such as ice water content. Since it is not possible31

to measure PSDs of individual clouds, it is necessary to parametrize PSDs for different32

cloud types. For this purpose, balloon-borne measurements of PSDs, performed north33

of the Arctic Circle are fitted to gamma functions. The coefficients of the gamma func-34

tions have been calculated by taking into account the origin of the clouds. The cloud ori-35

gin describes the formation pathway of the ice particles. At temperatures below −38 ◦C36

ice particles form from aerosol particles (in situ origin). Liquid origin ice particles have37

formed at temperatures >−38 ◦C via liquid drops, which are then further uplifted to the38

cirrus temperature regime. The derived gamma function coefficients differ significantly39

for the two cloud origins. An established parametrization for continental cirrus that dis-40

tinguishs beween two particle size modes, correspond with the parametrizations for Arc-41

tic cirrus. From the agreement of these parametrizations in cirrus clouds from geograph-42

ically very different regions we conclude that the cloud origin has a distinct influence on43

the PSD parametrizations. As a further step, the distribution of cloud types in differ-44

ent regions needs to be investigated.45

1 Introduction46

Cirrus clouds play an important role in the Earth‘s radiation budget (Liou, 1986;47

Sassen & Comstock, 2001). Cirrus can be both warming and cooling (Freeman & Liou,48

1979; Kienast-Sjögren et al., 2016; Liou, 1986; Platt, 1989) depending on their micro-49

physical properties (particle size, number and shape) and macrophysical properties (geo-50

metrical thickness, height). These properties are dependent on the formation and evol-51

ution of cirrus (e.g., Comstock, Lin, Starr, & Yang, 2008, and references therein) which52

are controlled by temperature, updraughts, humidity and available aerosol particles.53

These many different variables make it difficult to parametrize cirrus in models,54

leading to uncertainties in the cirrus representation in process, weather and climate mod-55

els. Furthermore, the accuracy of cirrus remote sensing retrievals depends on the input56

parameters, i.e. also of cirrus parametrizations, more precisely the parametrizations of57

cloud particle size distributions (PSDs). Thus, reliable parametrizations of cirrus cloud58

PSDs are essential.59
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Some parametrizations for different cirrus clouds are already derived from a num-60

ber of field measurements which mostly took place at midlatitudes or in the tropics (Heyms-61

field et al., 2002; Heymsfield, Schmitt, & Bansemer, 2013; Jackson, McFarquhar, Frid-62

lind, & Atlas, 2015; Mcfarquhar, Hsieh, Freer, Mascio, & Jewett, 2015; Muhlbauer et al.,63

2014; Schmitt & Heymsfield, 2009; Tian et al., 2010). Measurements at high latitudes64

are very rare. The observed PSDs are fitted to Gamma functions, which are the para-65

metrized depending mostly on temperature or weather conditions. Heymsfield et al. (2013),66

for example, distinguished between stratiform and convective cirrus and between warmer67

and colder than −58 ◦C cirrus. However, the dispersion and slope values vary strongly68

when described by these parametrizations. For example, the Jackson et al. (2015); Mc-69

farquhar et al. (2015) parametrizations do not cover very large dispersion values (>5)70

as found by Heymsfield et al. (2013); Muhlbauer et al. (2014), or in this study (see Sect.3).71

Mcfarquhar et al. (2015) showed that the choice of the gamma coefficients depends72

on the tolerance permitted by fitting algorithms; that is why they recommend using el-73

lipsoids instead of 2-d functions. Jackson et al. (2015) used ellipsoids to parametrize bimodal74

PSDs measured during the SPARTICUS field campaign that took place out of Houston75

above the US continent. Muhlbauer et al. (2014) divided the cirrus clouds measured dur-76

ing SPARTICUS into frontal, ridge-crest, subtropical jetstream, and anvil. All of these77

cloud types contained bimodal particle size spectra. The average boundary between the78

two size modes was at 115 µm diameter (Jackson et al., 2015). Muhlbauer et al. (2014)79

provided, a parametrization for the small (<100 µm) and the large particle mode (>100 µm).80

Jackson et al. (2015); Muhlbauer et al. (2014) recognized clear differences in dispersion81

and slope depending on the particle size mode. Jackson et al. (2015) ascribed the dif-82

ferences with the probably different nucleation processes for small and large particles.83

Here, we parametrize balloon-borne in-situ measurements of PSDs above Kiruna84

(Sweden, 67.8◦ North) in winter for a first impression of Arctic cirrus in comparison to85

other regions. Furthermore, following Krämer et al. (2016); Luebke et al. (2016) we sor-86

ted the clouds by origin, which represent a process-oriented approach to categorize the87

clouds. Weather conditions influence both types of clouds, mainly via the dynamical situ-88

ation that determines the updraught, the aerosol particle number, the humidity, and thus89

the clouds microphysical properties. However, as shown by Krämer et al. (2016); Luebke90

et al. (2016); Wolf et al. (2018), in most cases the two cloud types found in similar dy-91

namical situations are different. This means that the same weather condition can con-92

tain both cloud types, for example, synoptic cirrus (cirrus in large-scale slow updraughts93

as e.g. warm conveyor belts) often consist of liquid origin cirrus at the cloud bottom and94

in situ origin cirrus at the top (Luebke et al., 2016; Urbanek, Groß, Schäfler, & Wirth,95

2017). The same is true for convective cirrus clouds. The main differences between in96

situ and liquid origin cirrus is that the in situ PSDs cover smaller ice particle sizes than97

the liquid origin. This means that the liquid origin cirrus clouds contain more ice than98

the in situ formed clouds since they stem from lower altitudes where the absolute hu-99

midity is much larger (Krämer et al., 2016; Luebke et al., 2016). Altogether, an origin-100

based101

parametrization of cirrus clouds seems to be more straightforward in comparison102

to a weather-based. We also believe that the origin-based cirrus sorting better repres-103

ents the cirrus properties than sorting by temperature. Although liquid and in situ ori-104

gin cirrus appear in different altitude ranges and thus also at different temperatures, these105

temperature ranges vary with the dynamical situation so that in situ and liquid origin106

can be mixed.107

In the following sections, first, the fit procedure is described. Then, we compare108

the Arctic origin parametrizations with established parametrizations from Heymsfield109

et al. (2013); Muhlbauer et al. (2014).110
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2 Method111

Particle information such as size and number concentration have been derived from112

ten balloon-borne in-situ measurements of cirrus clouds over Kiruna, northern Sweden,113

in winter. The Balloon-borne Ice Cloud particle Imager (B-ICI) has been used, which114

is described in detail by Kuhn and Heymsfield (2016); Wolf et al. (2018). As B-ICI as-115

cends, ice particles fall on to an oil-coated film. This film transports the ice particles to116

a CCD camera with microscope optics. The ice particles are then photographed and the117

pictures are stored. After recovery of the B-ICI, the ice particle images are evaluated and118

ice particle size, cross-sectional area, and number concentration are determined.119

As particle size the maximum dimension has been used, i.e. the diameter of the120

smallest completely enclosing circle around the ice particle (Dmax). The sample volume,121

and with that also the cloud particle number concentration n per size bin, is independ-122

ent of the particle size. Also, shattering can be neglected in the ballon-borne measure-123

ments. PSDs have been calculated from n in defined size bins divided by the width of124

the size bins (N= n
dDmax

). If possible, PSDs for different altitude ranges have been de-125

termined for each measured cirrus case. Thus, days with high n provide more PSDs. The126

minimum limit of particles per size distribution is 75.127

The PSDs have been fitted with gamma functions128

N = N0 ·Dµ
max · e−λDmax (1)

and their correlation coefficients have been calculated. The gamma coefficients are: in-129

tercept N 0, dispersion µ, slope λ in cm−1, Dmax in cm. The gamma coefficients have been130

calculated by using the first, second, and sixth moments (Heymsfield et al., 2002). Most131

PSDs have one maximum only, with few exceptions that are bimodal. Hence, (for sim-132

plicity) only one gamma distribution has been fitted for each PSD:133

In addition, the clouds have been sorted according to their origin based on air par-134

cel back trajectories starting at the location of the measurements (Wolf et al., 2018). Off135

the ten analysed cloud events, four are of in situ origin and six are of liquid origin. A136

total of 21 PSDs have been derived from in situ origin and 24 PSDs from liquid origin137

clouds. We are aware that the number of observations do not allow conclusions about138

all Arctic cirrus clouds. However, a first impression on similarities or differences to other139

regions might be gained.140

Unlike the large data sets of the aircraft measurement campaigns, the data base141

from balloon-borne soundings is only small. However, there are hardly any data and para-142

metrizations of Arctic cirrus clouds. Thus, our measurements and resulting parametriz-143

ations can help to reduce existing knowledge gaps. Moreover, the new Arctic cirrus para-144

metrizations for the first time take into account cloud origin, which is a process-oriented145

classification, iand we assume that differences in PSDs and their parametrizations are146

more linked to cloud origin than to temperature, or weather conditions.147

Hence, we have calculated exponential and linear fits between slope λ and the dis-148

persion µ, (µ=f(λ)), and also between λ and temperature, λ=f(T ). Depending on the149

lowest root mean square error for each of those fits, either the exponential or linear fit150

is chosen as parametrizations of Arctic cirrus. To avoid negative slope values, the log-151

arithm of the slope has been used in the fits.152

To calculate N for different temperatures, the slope λ(T )=f(T ) together with the153

dispersion µ=f(λ(T)) is used, N 0 is a scaling factor and was not parametrized but was154

chosen so that measured (average taken from Wolf et al. (2018)) and parametrized PSDs155

have the same magnitude.156
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3 Results and Discussion157

For both cloud origins Fig. 1 represents two examples of PSDs and the fitted gamma158

and lognormal functions. The median values of the correlation coefficients of all fitted159

gamma and lognormal functions for both origins are provided in this figure. Also, Fig.
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Figure 1. Examples of observed in situ and liquid origin cirrus PSDs and the corresponding

fitted gamma and lognormal functions (R2
G,R2

L: Regression coefficients of gamma and lognormal

fits.

160

1 visualizes difficulties in characterizing very small and very large particles when gamma161

functions are used. In case of in situ origin, the PSDs might be very narrow and small162

particles are overestimated by gamma functions. In case of liquid origin, the shape of163

the PSDs is only slightly curved. This was also found by (Tian et al., 2010). They showed164

that for their analysed PSDs, lognormal distributions describe the slight curvature bet-165

ter than the gamma functions. The same is true for our measurements, indicated by higher166

correlation coefficient for lognormal functions. Nevertheless, gamma functions are most167

commonly used for cloud parametrizations, thus for reasons of comparability with ex-168

isting parametrizations we decided to also use gamma functions.169

Comparing the correlation coefficients R2 of the two cloud types, it becomes ob-170

vious that R2 is slightly larger for in situ than for liquid origin clouds. Thus, PSDs of171

in situ origin clouds are better described by gamma functions than those of liquid ori-172

gin. In addition, the PSDs from in situ origin clouds are more narrow than the liquid173

origin PSDs and depend more strongly on temperature (cf. Fig. 7 in Wolf et al., 2018).174

Figure 2 shows the gamma coefficients λ and µ plotted against each other and also175

the λ plotted versus temperature. The fit functions are shown in the legend. The gamma176

coefficients show a clear partitioning into the different cloud origins. Both are larger for177

the in situ origin clouds (red colour in the figure) than for the liquid origin cases (blue178

colour in the figure). The fit functions between slope and temperature are shown in Fig.179

2 (right panel) for all (black), in situ (red), and liquid (blue) origin clouds. From these180

it can be clearly seen that λ(T ) for all clouds are underestimating in situ origin and over-181

estimating liquid origin clouds. In the case of µ(λ), the fits for all clouds and in situ ori-182

gin almost coincide, and for λ < 300 all clouds and liquid origin clouds correspond. Fig.183

2 also shows existing parametrizations (Heymsfield et al. (2013), HF13, orange; Muhl-184

bauer et al. (2014), MB14, green; see also Sect. 1). Note that MB14 provide paramet-185

rizations only for µ(λ) that consist of two parametrizations (small and large particle mode),186

as discussed in Sect. 1.187

Comparing MB14 (solid - small, dashed - large particle mode) with the fits for the188

Arctic measurements, it can be seen that MB14 - small mode is similar to Arctic in situ189

origin fits or all clouds fits, while MB14 - large mode compares well to Arctic liquid ori-190
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Figure 2. Dispersion µ as function of slope λ, and λ as function of temperature for gamma

function fits to measured PSDs considering cloud origin (in situ origin - red dots, liquid origin

- blue dots). New calculated parametrizations for these coefficients are represented by dashed

lines (black: all data, red: in situ origin, blue: liquid origin) and given equations. Green lines are

two parametrizations depending on particle size mode from MB14 for frontal cirrus clouds taken

particle size into account (small particles - solid line: µ=0.009 ·λ0.85, large particles - dashed line:

µ=0.104·λ0.71 -1.7 ). Orange lines are temperature dependent parametrizations by HF13 ( µ= -

14.09 - 0.248 ·T , µ= -0.59 - 0.030 · T , λ= 9.88 · exp(-0.060 · T<− 58 ◦C), λ= 0.75 · exp(-0.105 ·
T )). Grey line (M-PACE - Heymsfield et al. (2013)) and diamond (ISDAC - Mcfarquhar et al.

(2015)) are values from two other Arctic measurement campaigns.

gin fits. However, PSDs reported by Muhlbauer et al. (2014), contain much larger particles191

than those described by Luebke et al. (2016); Wolf et al. (2018). The measurements dur-192

ing SPARTICUS were made in geometrically very thick cirrus in midlatitudes. The Arc-193

tic cirrus were geometrically thin/normal and did not contain such large crystals. This194

can be explained by Arctic temperature profiles (at least in winter) being colder than195

those in midlatitudes or tropics (see Luebke et al., 2013). This means that in Arctic re-196

gions there is less water in the air than in midlatitudes or tropics, therefore the ice crys-197

tals cannot grow that large. In the case of cirrus from further south advected to the Arc-198

tic, the large ice crystals have already precipitated. Only on one day at high temperat-199

ure, we observed particles with sizes up to 1000 µm. Nevertheless, the similarities between200

MB14 - large mode and our parametrizations show that Arctic and midlatitude cirrus201

parametrizations are analogous.202

Bimodal PSDs are likely the result of two different nucleation modes (small: re-203

cently nucleated, growth by vapour deposition; large: sediment, growth via vapour de-204

position and aggregation) (Jackson et al., 2015) with ice originating from both cloud ori-205

gins (Krämer et al., 2016; Luebke et al., 2016). In situ origin clouds consist mainly of206

small particles (Luebke et al., 2016; Wolf et al., 2018) and can form above liquid origin207

clouds (Wernli, Boettcher, Joos, Miltenberger, & Spichtinger, 2016). Liquid origin clouds208

have a broad size distribution (Luebke et al., 2016; Wolf et al., 2018). Thus, a mix of both209

origins can lead to bimodal PSDs. Therefore, we suppose that the parametrizations by210

Muhlbauer et al. (2014) according to particle size corresponds to that by cloud origin211

because the two particle modes are generated by the formation mechanisms of in situ212

and liquid origin. The Arctic cirrus parametrization is process-oriented, and therefore213

they fit for different geographical regions.214
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The Arctic liquid origin gamma coefficients in Fig. 2 are also fairly well represen-215

ted by the parametrizations by HF13. However, the very large Arctic in situ origin coef-216

ficients are not described. Similarly, also the parametrizations by Jackson et al. (2015);217

Mcfarquhar et al. (2015) (not shown here) do not represent our large in situ origin coef-218

ficients but agree with the liquid origin coefficients. The fact that Jackson et al. (2015)219

parametrizations do not cover these larger values is interesting since they have the same220

data basis as MB14 (SPARTICUS). A possible explanation could be that Jackson et al.221

(2015) derived only an overall parametrization, of the cirrus and the observations dur-222

ing SPARTICUS are dominated by liquid origin (see Krämer et al., 2016)223

The same is true for the observations of HF13 and Mcfarquhar et al. (2015): the224

data bases stem from tropical or midlatitudes observations which are dominated by li-225

quid origin cirrus. Consequently, the gamma coefficients of the Arctic liquid origin clouds226

better correspond to Heymsfield et al. (2013); Jackson et al. (2015); Mcfarquhar et al.227

(2015) parametrizations than those of the Arctic in situ origin clouds. Notable is, that228

considering the cloud origin, all parametrizations seem to be consistent. Given the con-229

sistency of the discussed cirrus parametrizations when taken into account the cloud ori-230

gin, we hypothesize that this process-based approach to parametrize cirrus clouds might231

be of general nature.232

Since the data base of MB14 is much larger (54 hours of cirrus observations) than233

the Arctic observations we recommend the use of the two MB14 parametrizations for µ(λ).234

For the temperature dependence of PSDs, we here provide λ(T ) based on the Arctic meas-235

urements. The parametrized PSDs are shown in Figure 3.
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Figure 3. Parametrised PSDs

N = N0 ·Dµ
max · e−λDmax (3)

for different temperatures using µ(λ) from MB14 for small (red) and large (blue) particle mode

and λ(T ) from Arctic in situ (red) and liquid origin (blue) cirrus. N0 is estimated for the differ-

ing temperatures based on the Arctic observations.

236

The observed Arctic PSDs are quite well represented by the combination of µ(λ)237

from MB14 and Arctic λ(T ) with the limitations discussed in Sect. 2. For in situ ori-238

gin cirrus (−50 ◦C to −70 ◦C) tendency to smaller and more ice particles at lower tem-239

perature is well represented. For liquid origin cirrus, represented by the temperature range240

−40 ◦C to −60 ◦C, the shrinking maximum sizes with decreasing temperature is visible.241
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4 Summary and Conclusions242

For the first time, PSDs of Arctic cirrus clouds were parameterized according to243

their origin. These parametrizations are based on data of ten balloon-borne in-situ meas-244

ure ments. Gamma distributions were obtained by fitting Gamma functions to the meas-245

ured PSDs, which were sorted by in-situ or liquid origin, respectively. The resulting Gamma246

coefficients, slope and dispersion, differ depending on the cloud origin. Then, the new247

and established parametrizations have been compared248

The most important results are summarized here:249

• The slope and dispersion values are greater in the case of in situ origin250

(slope>∼500 cm−1, dispersion >∼ 2) than in the case of liquid origin cirrus251

(slope<∼ 500 cm−1, dispersion<∼ 2). If the cloud origin is not considered, dis-252

persion and slope are underestimated (overestimated) in the case of in situ ori-253

gin (liquid origin). These typical ranges for dispersion and slope as function of cloud254

origin may be used to attribute the cloud origin to a measured PSD.255

• A comparison between the Arctic ‘all clouds’ parametrization with Heymsfield et256

al. (2013) (HF13), Mcfarquhar et al. (2015)(MF15), show differences, which are257

probably caused by the different distribution of the cloud types in the underly-258

ing measurements. Those established parametrizations depending on temperat-259

ure or weather conditions ( Heymsfield et al. (2013); Jackson et al. (2015); Mc-260

farquhar et al. (2015)) describe clouds with liquid origin well since the major part261

of the observed clouds are of this type. These parametrizations are, however, not262

suitable for in situ origin clouds, confirming that the differences between cloud ori-263

gin are more pronounced than those depending on temperature or weather con-264

ditions.265

• Comparison with the parametrization of Muhlbauer et al. (2014) (MB14), who di-266

vided continental cirrus clouds into two types (small and large particle mode) cor-267

responding to the sorting by in-situ and liquid origin, shows very good consist-268

ency with the Arctic cloud origin types. This means that similar parametrizations269

can be found in different regions, because the same ice particle formation processes270

apply everywhere. We hypothesise here, that parametrizations of cirrus sorted by271

cloud types may be of general validity.272

• In a first study on the distribution of cirrus types, Wernli et al. (2016) found that273

in storm tracks above the Northern Atlantic in situ origin clouds are more frequent274

than clouds with liquid origin. However, for a better better representation of cir-275

rus clouds in global models or for satellite retrievals, the knowledge of the distri-276

bution of in situ and liquid origin cirrus with region, altitude, and season is de-277

sirable.278
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Errata for PhD Thesis
"Analysis of Arctic ice cloud properties using in-situ and remote sensing

measurements"
Veronika Wolf

• 2.1.1, first paragraph, seventh sentence, page 5. Incorrect value:
The mean maximum temperature in July in Kiruna is 17 �C not 7 �C.

• Equation 2.2, page 8. Missing · :
The Wien’s law is:

� =
2.8978 ·10�3m

T

• 2.2.2.1, first paragraph, third sentence, page 10. Imprecise description:
L is latent heat of vapourisation/sublimation.

• 2.2.3.6, first paragraph, first sentence, page 17. Missing term (extinction effi-
ciency):
The extinction coefficient is the product of particle cross-sectional area, extinc-
tion efficiency, and number concentration.

• Equation 3.2, page 27. Missing terms (E0, ⌘L , O(R)):
The lidar equation is:

P (R ) =
E0⌘L

R 2
·O (R ) ·� (R ) · e �2

R R
0 ↵(r )d r

where P(R) is the received backscattered signal, E0 is the pulse energy of the lidar,
⌘L is the system efficiency (optical efficiency of elements, detection efficiency),
O(R) is the overlap function,� (R) the backscatter coefficient (molecular and par-
ticular), ↵(r) the extinction coefficient (molecular and particular), and R the dis-
tance between lidar and object which backscatters.

• Bibliography, page 50. Missing name of journal/ publisher:
Wolf et al. (2019b): Analysis of particle shape, depolarization and lidar ratio in
arctic cirrus clouds: A case study. Accepted and Presented at ILRC 2019.

• Bibliography, page 50. Missing name of journal/ publisher:
Wolf et al. (2019a): On the dependence of cirrus parametrizations on the cloud
origin. Submitted to Geophysical Research Letters.


