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Properties of Arctic aerosol in the transition between Arctic
haze to summer season derived by lidar

Nele Eggers

Abstract

During the Arctic haze period, the Arctic troposphere consists of larger, yet fewer, aerosol par-
ticles than during the summer (Tunved et al., 2013; Quinn et al., 2007). Interannual variability
(Graßl and Ritter, 2019; Rinke et al., 2004), as well as unknown origins (Stock et al., 2014) and
properties of aerosol complicate modeling these annual aerosol cycles. This thesis investigates
the modification of the microphysical properties of Arctic aerosols in the transition from Arctic
haze to the summer season. Therefore, lidar measurements of Ny-Ålesund from April 2021
to the end of July 2021 are evaluated based on the aerosols’ optical properties. An overview
of those properties will be provided. Furthermore, parallel radiosonde data is considered for
indication of hygroscopic growth.

The annual aerosol cycle in 2021 differs from expectations based on previous studies from
Tunved et al. (2013) and Quinn et al. (2007). Developments of backscatter, extinction, aerosol
depolarisation, lidar ratio and color ratio show a return of the Arctic haze in May. The haze
had already reduced in April, but regrew afterwards.

The average Arctic aerosol displays hygroscopic behaviour, meaning growth due to water up-
take. To determine such a behaviour is generally laborious because various meteorological
circumstances need to be considered. Two case studies provide further information on these
possible events. In particular, a day with a rare ice cloud and with highly variable water cloud
layers is observed.
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Properties of Arctic aerosol in the transition between Arctic
haze to summer season derived by lidar

Nele Eggers

Zusammenfassung

Während der Arctic haze Periode sind größere, jedoch auch weniger, Aerosole in der arktischen
Troposphäre vorhanden als im Sommer (Tunved et al., 2013; Quinn et al., 2007). Interan-
nuale Variabilität (Graßl and Ritter, 2019; Rinke et al., 2004), sowie unbekannte Herkunft
(Stock et al., 2014) und Eigenschaften der Aerosole erschweren die Modellierung der Aerosol-
Jahresgänge. Diese Arbeit untersucht, wie sich die mikrophysikalischen Eigenschaften der
Aerosole beim Übergang vom Arctic haze zur Sommerzeit ändern. Dafür werden Lidar Messun-
gen aus Ny-Ålesund von April 2021 bis Ende Juli 2021 hinsichtlich der optischen Eigenschaften
der Aerosole untersucht. Ein Überblick über diese Eigenschaften wird gegeben. Zusätzlich wer-
den parallele Radiosondendaten mit einbezogen, um Hinweise auf hygroskopisches Wachstum
zu erhalten.

Der Jahresgang der Aerosole in 2021 unterscheidet sich von Erwartungen, gebildet aus früheren
Studien von Tunved et al. (2013) und Quinn et al. (2007). Die zeitliche Entwicklung des Rück-
streuungskoeffizienten, Extinktionskoeffizienten, der Aerosol Depolarisation, des Lidarverhält-
nisses und des Farbverhältnisses zeigen, dass der Arctic haze im Mai zurückkehrt. Im April
hatte der haze bereits abgenommen, stieg in Mai jedoch wieder an.

In der Arktis zeigt ein Aerosol typischerweise hygroskopisches Verhalten - mit anderen Worten,
es wächst durch Aufnahme von Wasser. Ein solches alleine aus Fernerkundungsdaten zu bes-
timmen ist jedoch in der Regel aufwendig, weil unterschiedliche meteorologische Bedingungen
zu berücksichtigen sind. Zwei Fallstudien geben mehr Informationen über die möglichen hy-
groskopischen Verhaltensweisen der Aerosole. Insbesondere wird auch ein Tag mit einer Eis-
wolke und stark fluktuierenden Wasserwolken beobachtet.
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1. Introduction

The Arctic is a key region in understanding Earth’s climate system. Due to Arctic Amplification,
Arctic regions experience enhanced warming. This amounts to a factor of two to four in future
predictions (IPCC, 2021). Despite knowledge gained since the last IPCC report in 2013 (IPCC,
2021), the prediction of Arctic Amplification is imprecise and complex, due to the interaction
between a variety of processes (IPCC, 2021; Schmale et al., 2021). In particular, aerosol impacts
and aerosol-cloud interactions are poorly represented by models. However, these effects have
a key impact on the Arctic radiative budget. They thus lead to great uncertainties in climate
predictions (Li et al., 2022; IPCC, 2021; Schmale et al., 2021; Tunved et al., 2013)

Modeling of aerosols is a complex topic, due to the dependence of aerosol properties on many
factors, like origin, size and chemical reactivity. Different aerosol species are present in the
Arctic troposphere. Reasons for such differences are, for instance, the transport of aerosols
into the Arctic, and the variety of aerosol sources (Stohl, 2006; Quinn et al., 2007; Boucher,
2015). Hence, aerosol occurrence differs depending on location (Rinke et al., 2004) and season
(Tunved et al., 2013), and thus the aerosols’ radiative impact (Nakoudi et al., 2020).
In particular, the aerosols might change their physical properties in humid regions due to water
uptake. This phenomenon is called hygroscopic growth (Vu et al., 2021; Zieger et al., 2013).

In order to increase the accuracy of the climate models, further knowledge about the temporal
and spatial development of the aerosols’ microphysical properties is necessary (Tunved et al.,
2013). Measurements of those are obtained by in-situ and remote sensing devices, like lidar. A
lidar provides vertically resolved profiles of the optical aerosol properties. The microphysical
properties may then be obtained by inversion of the scattering problem.
There are several studies on annual aerosol cycles and hygroscopic growth. In-situ measure-
ments show that fewer, but larger, aerosols are present in Arctic spring, while the aerosol accu-
mulation of early summer consists of a higher number density, but a smaller diameter (Tunved
et al., 2013). Remote sensing devices display a weaker transition of those seasonal-dependent
properties, due to integration of the air column above.

The entirety of aerosol processes is difficult to model despite the present variety of studies
(Li et al., 2022). To give an illustration of complications: Interannual variability, special
meteorological events (like ice clouds), as well as alteration of the aerosols’ radiative effect,
which depends on external circumstances, cause the modeling of aerosols to be highly complex.
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Therefore, amongst other things, aforesaid external circumstances, like sun position, height,
and surface albedo, must be considered. In addition, complications in determining physical
properties of the aerosols via in-situ or remote sensing devices can occur. Because of temporal
and spatial shifts of these two measurements they might record two different effects, i.e. for
short-lived effects. Further research is necessary to treat a variety of aerosol behaviours that
are not yet covered by models. A summarizing simplification towards a model of a general
Arctic aerosol effect is desirable.

The aim of this thesis is to investigate the physical properties of Arctic aerosols from April 2021
to the end of July 2021, using lidar. Parallel radiosonde data provide indications of hygroscopic
growth.

2



2. Theoretical background

A scientific knowledge basis to this thesis is introduced here. First, aerosols and clouds, i.e.
their interaction and impact on the radiative budget, are summarized. An explanation and a
mathematical description of the hygroscopic growth phenomenon of aerosols follows. In sub-
section 2.2 the Arctic year is divided into three parts, according to the annual Arctic aerosol
patterns. General scattering properties of aerosols and air molecules, as well as the Mie theory,
are gathered in subsection 2.3.

2.1. Aerosols and clouds

Aerosols and clouds both influence the net radiative balance or radiative budget, due to inter-
action with radiation from space and/or Earth. This budget is defined through the relation
of solar radiation approaching the Earth and radiation sent from Earth back to space (NASA
earth observatory, 1999). Moreover, the radiation budget is a key component to defining the
state of the Arctic climate.
On global average, clouds’ radiative impacts lead to a cooling of the Earth’s surface. The Polar
regions are special, where the presence of aerosols and clouds leads to a warming effect (Schmale
et al., 2021; Hartmann et al., 1992). Further explanations follow in subsection 2.1.1.
Cloud occurrence depends on aerosols, as cloud droplets nucleate at specific kinds of aerosols.
These aerosols are called cloud condensating nuclei (CCN) (Schmale et al., 2021; IPCC, 2021)
and ice nucleating particles (INP) (Curry et al., 1996). The following section provides deeper
knowledge regarding effects of aerosols and clouds on the climate system, and the aerosol-cloud
interactions.

2.1.1. The radiative effect of aerosols and clouds in the climate system

Aerosols are small particles in the atmosphere. The atmosphere can only be cleared of aerosols
by direct dry deposition to the surface or wet deposition, hence falling to the surface due to
precipitation. Aerosols typically spend a lifetime between just a few minutes up to several weeks
in the troposphere (Haywood and Boucher, 2000). They stem from either anthropogenic or
natural emissions. Via scattering and absorption of solar radiation, as well as cloud-interactions
they affect the radiative budget. The effect of aerosols on the climate is determined by their

3



2.1 Aerosols and clouds

main properties: size, chemical composition and particle shape (Boucher, 2015). The sizes
range typically from 0.001µm to 10µm (Haywood and Boucher, 2000). Different classifications
for aerosol particles are (Boucher, 2015):

1. Primary and Secondary particles: Primary particles are directly emitted into the atmo-
sphere, whilst secondary particles form via condensation of gases, called aerosol precur-
sors.

2. Aerosol particles can also be classified by regions of appearance, due to spatial differences
of aerosol populations (e.g. urban, semiurban, continental, desertic, marine, volcanic
and stratospheric aerosols). However, due to the complexity of aerosol emission and
transport, mixtures of aerosol species are typically observed; hence this nomenclature
provides a rough overview only.

3. The last classification is by their origin: One can either define natural aerosols or anthro-
pogenic aerosols. Aerosols through emissions from the ocean, soils, vegetation, fires and
volcanos are classified as natural aerosols. Whereas, biomass burning is a great source
of anthropogenic aerosols. Human-caused vegetation fires are categorised as origin of
anthropogenic aerosols, too.

As stated before, aerosols impact the climate system, especially by influencing its radiative
balance either directly through scattering and absorbing solar radiation (aerosol direct effect),
or indirectly through aerosol-cloud interactions by determining and altering cloud properties.
The indirect effect refers to the fact that, given sufficient size, aerosols can act as a cloud
condensation nuclei (CCN) and form cloud droplets (Schmale et al., 2021; Curry et al., 1996).
In addition, water-soluble aerosols can grow due to coagulation, till they operate as CCN, too
(Boucher, 2015). The two main indirect effects are the cloud albedo effect, or Twomey effect
after Twomey (1977), and the cloud lifetime effect. They affect the scattering or precipitation
efficieny of the cloud, respectively. This results in an enhanced cooling effect (Lohmann and
Feichter, 2005). Further explanations to these two indirect effects, and the direct aerosol effect,
are gathered in figure 2.1.

By contrast to CCN, only few aerosols can act as ice nucleating particles (INP) and form ice
clouds (Curry et al., 1996). Deeper knowledge about INP is still missing in observations, as
well as simulations. Unstable INP simulations cause climate models, that include aerosol-cloud
interactions, to contain large uncertainties. Future studies should focus on both, advancing
the observation of INP and implementing INP into models, according to these observations
(Burrows et al., 2022).

Clouds influence the radiative budget (IPCC, 2021; Rosenfeld et al., 2014). Hartmann et al.
(1992) investigated how different cloud types differ in their impact on the Earth’s energy bal-
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2.1 Aerosols and clouds

Figure 2.1.: The direct and indirect aerosol effects are illustrated. These effects are gathered in
IPCC (2021). Lohmann and Feichter (2005) pursued further research to the indirect
aerosol effects. Aerosols interact with the climate system directly by scattering and
absorbing solar radiation. Their indirect effect is subdivided into the cloud albedo
effect, or Twomey effect after Twomey (1977), and the cloud lifetime effect. The
first indirect effect, the cloud-albedo effect, says that clouds with more, yet smaller
aerosol particles, block more solar radiation. The second indirect effect states
that clouds with more, yet smaller aerosols, are less efficient in precipitating, and
therefore these clouds have an extended lifetime.

ance. In particular, two cloud types will be highlighted here:
Researchers mostly deal with low-level clouds. These optical thick clouds are cooling the cli-
mate system, due to their high cloud albedo forcing and low cloud greenhouse forcing. Cloud
albedo forcing refers to the ability of clouds to reflect short-wave solar radiation back into space,
whereas cloud greenhouse forcing describes the warming effect of clouds interacting with long-
wave radiation of the Earth’s surface. By contrast, high-level clouds tend to warm the Earth
(Hartmann et al., 1992; Rosenfeld et al., 2014). Figure 2.2 summarizes aforesaid interaction
properties of the two cloud types with radiation.
On global average, clouds cause a cooling effect. Yet, the global average cooling effect of clouds
is expected to decrease as time passes. (IPCC, 2021).

5



2.1 Aerosols and clouds

Figure 2.2.: Scheme of radiative interactions of low- and high-level clouds with short- and long-
wave radiation. According to NASA earth observatory (1999), low-level clouds
scatter around one third of incoming short-wave radiation back into space. Long-
wave radiation from Earth’s surface is almost completely transmitted by them.
In contrast, high-level clouds let more short-wave radiation and less long-wave
radiation through. NASA earth observatory (1999) states optical thickness and
temperature to be main drivers of these effects. Thereby, for the temperatures of
the clouds holds: Twarm

1 > Twarm
2 ≫ T cold

1 > T cold
2 .

Aerosol and cloud phenomenons of the Arctic differ from the global average.
The overall effect of Arctic clouds is not a cooling effect like it is the case for other latitudes.
The cloud greenhouse forcing of low-level clouds outbalances their albedo forcing, thus inducing
a warming effect. This surface warming stems from re-emission of long-wave radiation from
Earth’s surface. Therefore, the effect is the strongest in seasons without sunlight, i.e. the polar
night (Schmale et al., 2021).

A variety of aerosol species emerge in the Arctic atmosphere due to natural processes or
transport patterns, i.e. sulphates and black carbon from biomass burning (Zielinski et al.,
2020). Arctic aerosol species, and especially their seasonality and radiative impact, will be
discussed further in subsection 2.2.

6



2.1 Aerosols and clouds

Effects of aerosols to the Arctic climate system can be divided into two categories (Schmale
et al., 2021):

1. Local effects arise only through inner-Arctic processes and have the ability to influence
cloud properties, radiative fluxes and the Arctic energy balance.

2. Remote effects are caused by changes in aerosol pollutions outside the Arctic, e.g. in
the mid-latitudes and tropics. They impact the Arctic climate conditions by altering the
radiation balance, thus the meridional heat transport.

2.1.2. Hygroscopicity of aerosols

Hygroscopicity of aerosols denotes their ability to grow due to uptake of water vapour. Changes
in size distribution of aerosol particles modify their scattering and absorption abilities, hence the
radiative balance of the climate system (Vu et al., 2021). Further knowledge about the hygro-
scopicity of aerosols is necessary for investigation of cloud properties. The chemical composition
of aerosols determines their hygroscopic characteristics. Hence the spatial and temporal distri-
bution in aerosols’ chemical composition has to be taken into account, as stated by Swietlicki
et al. (2008), mentioned by Vu et al. (2015).

A measure of the hygroscopicity is the hygroscopic growth factor (Vu et al., 2021; Zieger et al.,
2013)

Gf(RH) =
Dwet(RH)

Ddry(RH < 10%)
(2.1)

Where Dwet(RH) is the diameter of the aerosol particle for high relative humidity RH of ap-
proximately 90%, and Ddry(RH < 10%) the particle’s diameter in case of a relative humidity
beneath 10%.
Swietlicki et al. (2008), mentioned by Vu et al. (2021), describe a classification of hygroscopic
properties of aerosols by their growth factor:

1. nearly-hydrophobic: Gf ≲ 1.11

2. less-hygroscopic: Gf ∼ 1.11-1.33

3. more-hygroscopic: Gf ∼ 1.33-1.85

4. sea-salt aerosols: Gf ≳ 1.85

The size distribution of aerosol particles increases with relative humidity. In particular, Tang
(1996) discovered, as can be read in Boucher (2015), that the relation of relative humidity
and gain of size describes a hysteresis. A rapid growth appears for increasing humidity at
the deliquescence point, due to transition of the solid to the liquid phase. For decreasing
humidity there exists another critical point of rapid growth change, called the efflorescence

7



2.2 Seasonality and transport patterns: The Arctic haze

point (Boucher, 2015).

Zieger et al. (2013) defined another parameter for describing the modification of the particles’
scattering effects as a function of relative humidity RH and wavelength λ. The scattering
enhancement factor is

f(RH, λ) =
βaer(RH, λ)

βaer(RHdry, λ)

Where βaer(RH, λ) is the scattering coefficient at defined relative humidity RH and wavelength
λ. And analogue, βaer(RHdry, λ) is the dry scattering coefficient at dry conditions RHdry and
wavelength λ (Zieger et al., 2013). The scattering coefficient, that is obtained from lidar
measurements, is further introduced in subsection 3.2. The relation between f and the relative
humidity also takes the shape of a hysteresis.
f can be parameterized as

f(RH) = (1− RH)−γ (2.2)

with γ as fit parameter (Zieger et al., 2010). Zieger et al. (2010) and Gassó et al. (2000) used
f for prediction of the hygroscopic growth. This method is called the growth curve model.

2.2. Seasonality and transport patterns: The Arctic haze

Anthropogenic aerosols as well as natural aerosols from distinct regions are transported into
the Arctic. However, natural and anthropogenic aerosols follow a different annual cycle (Quinn
et al., 2007). In addition, aerosols get to the Arctic via different possible routes (Stohl, 2006).
The dominating source region of Arctic pollutants in winter is Eurasia, and for summer periods
the North Atlantic ocean (Tunved et al., 2013). The variety of transport routes depends on the
season. The duration of stay within the Arctic’s atmosphere varies with season and altitude
(Stohl, 2006).

Due to the variety of transport patterns, as well as the seasonality of aerosol sources, Arctic
aerosol patterns are strongly fluctuating during one year. Nevertheless, they are predictable by
means of their seasonality, transport processes and present meteorological conditions (Tunved
et al., 2013).
According to Tunved et al. (2013), the Arctic year is divided into three main seasons with rapid
transitions. The segmentation was made by means of differences in characteristics of aerosol
populations, like concentration, chemical composition and transport ways.

1. The haze period (from March to May). The Arctic haze might also begin before March.
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2.2 Seasonality and transport patterns: The Arctic haze

For instance, Nielsen et al. (2019) investigated the Arctic haze phenomenon from Febru-
ary to May. In-situ measurements of Winiger et al. (2019) find the Arctic haze already
to begin in December.

2. The sunlit summer (from June to August).

3. The remaining time of the year, starting in September.

Like done in this thesis, the annual cycle and seasonality of aerosols can be discussed by means
of scattering and absorption effects (Tunved et al., 2013; Quinn et al., 2007). According to
this, Quinn et al. (2007) and Tunved et al. (2013) locate the maximum of the Arctic haze in
March and April. Concentrations of accumulation mode aerosols decrease during transition to
summer months. Ström et al. (2009) state, as read in Tunved et al. (2013), that sunlit summer
is characterized through formation of new, smaller particles. From September to February the
Arctic atmosphere contains a lower amount of aerosols, with a minimum in September and
October (Tunved et al., 2013).

The Arctic haze is described as a large accumulation of pollution from anthropogenic sources,
which is transported into the Arctic and trapped there during winter and spring. Each pollutant
stays there for about 15 to 30 days. The aerosols stem from industrialized regions in Europe,
Asia and North America (Quinn et al., 2007). Important contributions to Arctic aerosols
originate from biomass burning aerosols as boreal forest fire events became more frequent
(Zielinski et al., 2020; Schmale et al., 2021; Warneke et al., 2010). Since 2009 it is known
that forest fires are an important source for aerosols of the Arctic haze (Warneke et al., 2010).
Biomass burning aerosols consist for example of black carbon, sulphates and nitrates, where
anthropogenic sulphate is the most important contributor during the Arctic haze (Quinn et al.,
2007). Moschos et al. (2022) pursued deeper research to the annual cycle of organic aerosols.
They found them to coincide with the annual cycle of the Arctic haze. However, organic aerosols
are only present in small amounts (Quinn et al., 2007).
Sulphates and organic aerosols cause a cooling effect at the surface, whereas the black carbon
warms it due to absorption of solar radiation (Rinke et al., 2004). Penner et al. (2003) state,
as mentioned by Rinke et al. (2004), that the magnitude of the warming effect is dependent on
the particles’ altitude. Even more so, there exists the possibility for a cooling effect. According
to Rinke et al. (2004), the Arctic haze has high spatial fluctuation. Therefore it generates an
additional cooling or warming effect that is dependent on its region.
The influences of natural aerosols, as well as of anthropogenic aerosols, on the Arctic are
predicted to change by reason of global warming and diminished pollution in industrialized
regions. These modifications of the aerosols’ impact on the radiative budget are still a topic of
research (Schmale et al., 2021).
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2.3 Scattering processes of aerosols

Impacts of the haze cloud to its surrounding regions are generally a reduced visibility, altered
radiative balance and negative consequences for the Arctic ecosystem (Quinn et al., 2007).

2.3. Scattering processes of aerosols

Depending on the ratio of particle radius r and incoming wavelength λ one has to distinguish
between different types of scattering in the atmosphere: The particle scattering, and the Raman
(inelastic) and Rayleigh (elastic) scattering. Raman and Rayleigh scattering occur for wave-
lengths much smaller than the size of the scattering particle. The scattering process is called
particle scattering for similar magnitudes of wavelength and particle size (Roedel and Wagner,
2018). The particle size parameter x = 2π · r

λ is a measure of this ratio of wavelength λ and
particle circumference r (Roedel and Wagner, 2018; Boucher, 2015).

Roedel and Wagner (2018) provide further information to these scattering processes. A short
outline will be given.

The intensity of elastic Rayleigh scattered light is dependent on the wavelength λ of incoming
radiation, by λ−4, and for unpolarised light on its irradiation angle θ, by 1+cos(θ)2. Incoming
light induces oscillation of one of the electrons in the molecule, following the principles of a
Hertzian dipole. This leads to emission of radiation that is referred to as Rayleigh scattered
light. Thereby the wavelength stays unchanged regarding the incoming light (Roedel and
Wagner, 2018).
The inelastic Raman scattering spectrum includes Stokes and Anti-Stokes lines. Scattered light
increases or decreases in wavelength, referring to the wavelength of the incoming radiation
(Demtröder, 2016). According to Roedel and Wagner (2018), only 2-4% of molecular scattering
processes are Raman scattering.

The Mie theory (Mie, 1908) is used for calculation of scattering and absorption properties of
particle scattering on spherical aerosols of arbitrary size. Furthermore, Mie theory includes
Rayleigh scattering processes (Weitkamp, 2006). Mie scattering mostly results in forward scat-
tering, due to its low irridation angle dependency. The size parameter and refractive index
define this characteristics (Roedel and Wagner, 2018; Boucher, 2015).
The scattering and absorption behaviour of non-spherical particles do not follow the Mie theory.
Whether Mie theory can be used for the present atmosphere has to be evaluated by means of
depolarisation. Non-spherical particles depolarise the backscattered light, while spherical parti-
cles do not. For example ice crystals and aerosols like mineral dust are classified as non-spherical
particles (Weitkamp, 2006).
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3. Data and methods

In the following, the general construction of a lidar device is explained. Moreover the math-
ematical analysis of the lidar, and the derivation of corresponding formulars, is summarized.
This analysis method, implemented in Matlab, was used for the investigation in this thesis.
Additional information on the data set and its evaluation are given afterwards.

3.1. Measurement devices - lidar and radiosonde measuring

‘Light Detection and Ranging’, short lidar, is a high-resolved remote sensing technique. Lenoble
et al. (2013) state the lidar to be one of only a few devices for obtaining vertically resolved
aerosol measurements in lower and middle atmospheric levels. Lidar devices are subdivided into
three categories depending on their state and place of measurement: There are ground-based,
air-born and space-born lidar systems (Lenoble et al., 2013). The ground-based lidar will be
discussed further in this section.

A lidar consists of three main parts: A laser, a telescope and an analyzing system. First,
the laser emits short light pulses of ∼ 10 ns with a wavelength between 250 nm and 11µm

(Weitkamp, 2006). After that, the light pulses often pass a beam widening system (Foken,
2021). The laser beam then heads towards the atmosphere, where aerosols and air molecules
scatter it. A telescope receives the fraction of the light that was backscattered and forwards it
to an analyzing system. This system consists of filter devices for polarization and wavelength, a
detector and a computer. First, the backscattered light is directed to the filters. They facilitate
the investigation of specific wavelengths and polarization states. After passing the filters, the
remaining light is directed to the detector. Last but not least the resulting detector signal is
passed to the computer. In conclusion, a lidar signal is a height-resolved profile of the light
that is backscattered by aerosols and air molecules (Weitkamp, 2006).

The overlap of the lidar is defined as that region, where the field of view of the telescope
completely displays the emitted laser beam. It start above the overlap height (Foken, 2021).

The data used in this thesis was obtained by the Koldewey Aerosol Raman Lidar (KARL)
of the AWIPEV station in Ny-Ålesund, Svalbard (78◦55’24”N, 11◦55’15”E). It operates at the
three wavelengths 355 nm, 532 nm and 1064 nm. Furthermore, a lidar signal at 355 nm and
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3.1 Measurement devices - lidar and radiosonde measuring

532 nm is resolved according to the polarization state of the backscattered light, hence parallel
or perpendicular. The measurements reach up to the mid of the stratosphere (Hoffmann, 2011).

Dichronic
beam
splitter

Interferenz-
filter

Polarizing
beam
splitter

Amplifier

Computer

Beam-
Widener

Telescope

Laser

Aerosols

Figure 3.1.: A schematic construction of a backscatter lidar is illustrated. The emitted laser
light undergoes a beam widening system, and is then directed to the atmosphere,
where it is scattered in aerosols and air molecules. The backscattered fraction of
light is collected via a telescope. Afterwards, it passes an analyzing system, where
wavelength and polarization state are investigated. The resulting signal of the
analysis is directed to a computer.

In comparison to lidar, in-situ devices do not measure from a distance, but directly at the
location of the effect (Foken, 2021). For instance a radiosonde, whose data is also used in
this thesis, is attached to a helium balloon and rises into the atmosphere. Variables like
temperature, pressure, wind and humidity are measured while passing the air masses (NASA
earth observatory). In this manner, profiles of air density or relative humidity can be obtained.
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3.2 Analysis of backscatter lidar signals: The Klett method

3.2. Analysis of backscatter lidar signals: The Klett method

The backscatter lidar provides a height-resolved profile. Information about aerosol and cloud
properties can be obtained by evaluating, for example, polarization and intensity of the
backscattered light.

The elastic lidar equation describes the height-resolved lidar signal P (z). It is defined as:

P (z) = C
1

z2
β(z) exp

−2

z∫
z0

α(ẑ)dẑ

 (3.1)

Where, C is a constant that contains laser power, telescope area, transmission through all op-
tical components and the quantum efficiency of the detector. 1

z2
serves as correction of the

telescope range, β(z) is the volumetric backscatter coefficient and α(z) is the extinction coeffi-
cient. Radiation passes the route between the particle and the laser twice. Hence, extinction

occurs during both ways, leading to the term −2
z∫

z0

α(ẑ)dẑ in equation 3.1. However, the elastic

lidar equation does not hold for multiple scattering.
Via rearrangement of equation 3.1 on can define the range-corrected lidar signal S(z).

S(z) := P (z)z2 = Cβ(z) exp

−2

z∫
z0

α(ẑ)dẑ

 (3.2)

Backscattering can occur on aerosols and other particles in the atmosphere. Subsection 2.3
introduced the scattering properties of aerosols and air molecules. Therefore, one distinguishes
between backscattering on aerosols βaer and Rayleigh scattered light on other particles βRay.
The overall backscatter coefficient is defined as sum of these contributions

β := βaer + βRay (3.3)

Radiation is extinguished due to absorption αabsorp, and extinction through aerosols αaer and
air molecules αRay. In total, the extinction coefficient is written as

α := αaer + αRay + αabsorp (3.4)

Klett (1981) provides a method to solve the elastic lidar equation, commonly known as the Klett
method. Thanks to this method, a backscatter profile β(z) is obtained: The Klett solution. A
short outline will be discussed in this section. Foken (2021) discusses the derivation of the Klett
solution in detail.
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3.2 Analysis of backscatter lidar signals: The Klett method

First, two preparatory steps need to be stated:

1. The backscatter coefficient β and the extinction coefficient α are assumed to correlate
with the wavelength through a power-law. The corresponding exponent is the Ångström
exponent Aa,b. The exponent depends on the particle size and takes values between −4

and 0. The lower boundary is called the Rayleigh limit for small particle, and the upper
limit is the gray approximation for large particles. The power-laws are

αaer = C1λ
Aa (3.5)

βaer = C2λ
Ab (3.6)

With constants C1 and C2 (Ångström, 1964).

2. A new quantity is introduced. The lidar ratio

LR =
βaer

αaer
(3.7)

leads to a connection between extinction and backscatter. Herein, molecular absorption
αabsorp is minimized via choice of laser wavelength. Inserting equation 3.3 and 3.4 in
equation 3.7 provides

α = αaer + αRay = LR(β − βRay) + αRay (3.8)

In-situ measurements of the density are consulted to obtain αRay and βRay because they are
proportional to the air density (Bucholtz, 1995).

By means of the preparatory work, hence equations 3.5, 3.6 and 3.8, a Bernoulli differential
equation is derived:

dβ

dz
=

[
d

dz
(lnS(z)) + 2(αRay − LRβRay)

]
β(z) + 2LR(z)β2(z)

where S(z) is the range-corrected lidar equation from equation 3.2. To solve the Bernoulli
equation boundary conditions are necessary. The backscatter value β(zref) at a specific height
zref and the lidar ratio LR(zref) have to be estimated.

The final Klett solution is stated in equation 3.9
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3.2 Analysis of backscatter lidar signals: The Klett method

β(z) =

S(z)
S(zref)

ST(z)

1
β(zref)

+ 2
S(zref)

∫ zref
z LR(z̃)S(z̃)ST(z̃)dz̃

=
s(z)ST(z)

S(zref)
β(zref)

+ 2
∫ zref
z LR(z̃)S(z̃)ST(z̃)dz̃

(3.9)

Where, ST(z) = exp

(
−2

zref∫
z
(αRay − LR · βRay)dẑ

)
.

The Klett solution in equation 3.9 is numerical stable due to the integration from the top to
the ground.

The quality of this solution depends on the chosen boundary condition βaer(zref) and lidar ratio
LR(zref), as well as on the lidar signal Pλ0 . A refinement of the explained method minimizes
the possibility of inappropriate boundary conditions for measurements at multiple wavelengths.
Furthermore, this modified approach is used in the thesis. Then, instead of choosing β(zref)

for each wavelength, one must only assume the Ångström exponent and a boundary condition
ϵ for one wavelength. β(zref) is calculated via

β(zref) = (1 + ϵ)βRay(zref)

The boundary conditions of the remaining wavelengths can be calculated out of this β(zref) by
means of the assumptions 3.5 and 3.6 (Foken, 2021).

Ansmann et al. (1992) introduced a method to determine the aerosol extinction αaer and
backscatter βaer independently from one another. The inelastically Raman backscattered lidar
signal PλR

in equation 3.10 is to be established for this method. Note that the Raman effect
of nitrogen molecules is observed here.

PλR
(z) = CR

1

z2
βRay exp

(
−
∫ z

z0

[αλ0(ẑ) + αλR
(ẑ)]dẑ

)
(3.10)

Herein, αλ0,R
= αaer

λ0,R
+ αmol

λ0,R
, i.e. the sum of extinction coefficient for elastic and inelastic

scattered light. They arise from contributions of extinction by aerosols and air molecules. Note
that the extinction forth and back is different because of the change in frequency. Therefore,
in comparison to equation 3.1, one integrates over the sum of αλ0 and αλR

. Since the Raman
effect of nitrogen molecules is observed here, one can simplify equation 3.10 by replacing the
Raman backscatter coefficient βRay with the number of nitrogen molecules in the atmosphere
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3.2 Analysis of backscatter lidar signals: The Klett method

NR, due to their proportionality in the theory of the homosphere (Roedel and Wagner, 2018).
Rearranging the inelastic lidar equation 3.10 results in equation 3.11 for αaer

λ0
.

αaer
λ0

=

d
dz

[
ln NR(z)

PλR
(z)z2

]
− αmol

λ0
(z)− αmol

λR
(z)

1 +
(

λ0
λR

)Aa
(3.11)

Aa equals 1 for aerosols and water droplets of sizes similar to the wavelength of the laser
(Ansmann et al., 1992).

Besides, nitrogen number NR as well as the extinction and backscatter coefficients αmol and
βmol are obtained by radiosonde data. The method of Ansmann et al. (1992) provides equation
3.12 for the backscatter coefficient βaer

λ0
.

βaer
λ0

(z) =− βmol
λ0

(z) + [βaer
λ0

(z0) + βmol
λ0

(z0)]

× Pλ0(z)PλR(z0)NR(z)

Pλ0(z0)PλR
(z)NR(z0)

×
exp

(
−
∫ z
z0
[αaer

λR
(ẑ) + αmol

λR
(ẑ)]dẑ

)
exp

(
−
∫ z
z0
[αaer

λ0
(ẑ) + αmol

λ0
(ẑ)]dẑ

)
(3.12)

In recent studies, measurements at multiple wavelengths and a polarisation analysis of the
backscattered light are frequently utilized. By this, further information of the aerosols’ size
and shape are gathered. The two corresponding quantities are shortly introduced hereafter.
The color ratio

CR =
βaer
355 nm

βaer
532 nm

(3.13)

is a size that is composed of the backscatter of two different wavelengths, herein 355 nm and
532 nm. A decrease in color ratio implies a growth of particles. The pure dependence on size
results from scattering properties regarding specific wavelengths. The color ratio of small parti-
cles is such as

(
355
532

)−4 due to the proportionality of Rayleigh scattering to λ−4. In comparison,
the color ratio becomes 1 for big particles, because the upper limit is almost constant regarding
the laser wavelength (Foken, 2021).
By consideration of the polarisation of the backscattered light, one gets information about the
state of aggregation of particles. The aerosol depolarisation is defined via the parallel polarised
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3.3 The lidar data set and further information to its processing

backscatter signal βaer
∥ , and βaer

⊥ as the perpendicular polarised backscatter (Foken, 2021):

δaer =
βaer
⊥

βaer
∥

(3.14)

Mie theory states that spherical particles, like water droplets, do not cause a change in po-
larisation (Mie, 1908). Further information on scattering processes can be found in section
2.3.

3.3. The lidar data set and further information to its processing

In this thesis lidar data from April 2021 to the end of July 2021 is investigated. The data has
a spatial resolution of 7.5m and temporal resolution of 10 minutes. Since tropospheric aerosol
is to be examined, the research contains only data of up to 10 km. In addition, only data above
0.7 km is discussable, as this is the overlap height. The overlap is mentioned in subsection 3.1.

Available time steps undergo a filter that controls the impact of clouds on the lidar signal. If
a cloud influences the time step, the backscatter signal takes too high values. The cloud filter
rejects all time steps that consist of a backscatter ratio BSR(λ) = 1 + βaer(λ)

βRay(λ)
bigger than 4.

After the cloud mask, 451 lidar measurements, out of 1046, remain. For the following analysis
in sections 4 and 5 only filtered data is used, unless stated otherwise.

The 31st of July 2021 is marked by the presence of optical thick clouds. According time
steps got filtered out by the cloud mask. Since these cloud formations are to be analysed, the
investigation of time steps with cloud influence is needed. The boundary conditions in the
clouds need to be adapted manually for this single day. An alternative to the correction of the
boundary conditions is used here because the cloud influence only shifted the backscatter profiles
systematically. For adjustment of the measurements, the backscatter is linearly multiplied
towards backscatter values of time steps with fewest cloud influence.
If time steps of other days include no optical thick clouds, but small cloud influence, it might
be necessary to adapt the lidar ratio within the cloud. At the position of the optical thin cloud,
the lidar ratio is automatically adopted, like in Nakoudi et al. (2021).

On occasion, a separation into different height intervals is done in sections 4 and 5. Müller
(2019) and Rader (2020) use similar intervals.
Often, the median upon specific height or time intervals is calculated. In contrast to the mean,
the median is more stable towards fluctuations, and captures the average value better for a
non-symmetrical distribution.
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4. Results

In this section significant results of the investigation are presented and analyzed. Firstly, the
development of physical aerosol properties is discussed by means of the optical parameters such
like backscatter, depolarisation and color ratio. Afterwards, the general hygroscopic behaviour
is investigated. Trends of hygroscopic growth with respect to height and season are gathered
for the whole time period of April to July. Subsequent, individual hygroscopic growth events
are further discussed by analysis of single days. In particular, first non-hygroscopic behaviour,
and then highly fluctuating cloud layers are examined.

4.1. Seasonal trends in physical aerosol properties

The research looks at backscatter, extinction, depolarisation, lidar ratio and color ratio profiles
from April 2021 to end of July 2021. A daily median is built and illustrated for discussion of
the temporal development of physical aerosol properties. First, the backscatter is evaluated,
and afterwards the extinction, depolarisation, lidar ratio and color ratio.

4.1.1. Backscatter

Figure 4.1 displays the temporal evolution of the daily median backscatter for the wavelength
532 nm. The median was calculated between 0.7 km and 10 km. Strong variability in backscatter
appears through the months, hence a variability in e.g. aerosol concentration and composition.

The median backcatter shows an undulating structure till mid of May. It rises by almost 50%

to its maximum in mid May. This leads to the hypothesis that the Arctic haze might appear till
mid or end of May in the year 2021. Furthermore, the maximum in May is the overall maximum
of figure 4.1 and amounts to 0.2Mm−1sr−1. The daily median backscatter then halves rapidly
till mid of June. From the beginning of July, it starts to rise again. The minimum median
backscatter is 0.052Mm−1sr−1. The 31st of July 2021 deviates from other values in July. The
day is further discussed in a case study in subsection 4.3.2.
It remains unknown if the maximum of the Arctic haze already appeared in March.

Because of e.g. transport patterns through different heights the Arctic aerosols are expected to
vary within altitude. Figure 4.2 compares the daily median backscatter of the height intervals
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4.1 Seasonal trends in physical aerosol properties
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Figure 4.1.: Temporal development of the daily median backscatter from April to July 2021.
The median was built from 0.7 − 10 km. The backscatter rises in May to the
overall maximum. It lowers till mid of June. Afterwards, the median backscatter
rises again during July.

0.7 − 2.5 km (a) and 2.5 − 4.5 km (b). The data point of the 31st of May represents an
exception, due to a very clear atmosphere.
The median backscatter of the lower height interval is highly fluctuating during April, May and
June. Data points differ in ranges of approximately 0.2Mm−1sr−1 or 0.3Mm−1sr−1. In July,
the fluctuation of the median backscatter decreases to approximately 0.05Mm−1sr−1.
In contrast, the median backscatter of the upper height interval scatters less. The magnitude of
variation in April and May is about 0.1Mm−1sr−1. Beginning in June, the fluctuation decreases
as well to approximately 0.05Mm−1sr−1.

The median backscatter developments of figures 4.2a and 4.2b look alike till June, though the
transition from spring to summer is more visible in the upper height interval. As of July, the
increase is only visible in the upper height interval. The median backscatter in the lower height
interval stays almost constant.

Regarding the magnitude of the backscatter, the interval 0.7 − 2.5 km usually shows higher
backscatter values than the interval 2.5 − 4.5 km. From April to May the median backscatter
is approximately 0.32Mm−1sr−1, whereas the median backscatter of the second height interval
is 0.13Mm−1sr−1. This is about 59% lower. In June and July the backscatter of the lower
height interval is by median 0.22Mm−1sr−1. Yet the median backscatter of the upper height
interval is 0.069Mm−1sr−1, thus approximately 31% of the median backscatter from the lower
height interval. Overall, the daily median backscatter values of height interval 0.7 − 2.5 km
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4.1 Seasonal trends in physical aerosol properties
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Figure 4.2.: The temporal development of the daily median backscatter of intervals 0.7− 2.5 km
(a) and 2.5 − 4.5 km (b) are illustrated. The time period ranges from April to July
2021. The Arctic haze in terms of backscatter values is most pronounced in the
lower height interval. Nevertheless, the annual cycle with the transition polluted
to clear is more apparent in the upper height interval.

reach up to 0.52Mm−1sr−1 in April and May, and the ones of the height interval 2.5 − 4.5 km

to 0.24Mm−1sr−1. Likewise, the maximum value 0.11Mm−1sr−1 between June and July for
the upper height interval is as well smaller than the maximum value 0.38Mm−1sr−1 of this
period for the lower height interval.

Additionally, figure 4.3 and figure 4.4 illustrate the daily median backscatter of the height
intervals 4.5− 6.5 km and 6.5−10 km. The correlation in temporal development and fluctuation
of the median backscatter of all four height intervals is the strongest between 2.5 − 4.5 km in
figure 4.2b and 4.5 − 6.5 km in figure 4.3. Therefore, they look similar to the overall median
of 0.7 − 10 km in figure 4.1. The increase in summer has the same extent for the two height
intervals. Yet it is more visible in 4.5 − 6.5 km, due to lower variation in June. The median
backscatter in higher altitudes of 6.5 − 10 km in figure 4.4 is more constant and weaker through
out the seasons than for the other height intervals. From April to May the median backscatter
is 0.092Mm−1sr−1, and during June and July 0.056Mm−1sr−1. The median backscatter of
the highest height interval 6.5 − 10 km amounts to 25 − 29% of the lowest height interval
0.7 − 2.5 km. The progression is almost constant till May. The decrease from May to June is
visible, yet of lower gradient. In July the increase is of same magnitude as for 2.5 − 4.5 km and
4.5− 6.5 km. This rise in summer is visible in all three height intervals 2.5− 4.5 km, 4.5− 6.5 km

and 6.5 − 10 km. A hypothesis is that forest fire impacts on the upper troposphere cause this
increase.
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4.1 Seasonal trends in physical aerosol properties
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Figure 4.3.: The temporal development of the daily median backscatter from April to July 2021
is displayed. The median was built from 4.5 km to 6.5 km. Similar trends as for
the interval 2.5 − 4.5 km are visible, but the summer development of the aerosols
is more pronounced. This increase in July might stem from forest fire aerosols that
are transported within the upper troposphere.

Apr May Jun Jul Aug
10 -2

10 -1

10 0

Figure 4.4.: The temporal development of the daily median backscatter from April to July
2021 is displayed. The median was built from 6.5 km to 10 km. No influence of the
Arctic haze is present from April to May. The backscatter progression is almost
constant. It then decreases from May to June. The increase of backscatter in July
is still visible. It might stem from forest fire aerosols that are transported within
the upper troposphere.
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4.1 Seasonal trends in physical aerosol properties

High backscatter is considered as a synonym for Arctic haze in this analysis of the Arctic spring.
Therefore, the lower altitudes consist of stronger Arctic haze than upper altitudes, thus more
aerosols. Nevertheless, the transition from Arctic haze to the clearer summer season is most
pronounced between 2.5 km and 6.5 km.

Table A.1 in the Appendix displays the 25th, 50th and 75th percentiles of the backscatter by
month and height. Previously discussed trends visible, i.e. two facts: The table illustrates that
the backscatter values and fluctuations decrease with altitude. The reduction of backscatter in
transition from May to June is visible, too.

Covered by Arctic haze pollution, a background can be classified as clearest conditions of the
month at certain altitude. By consideration of figures 4.1 to 4.4 one can define a backscatter
of less than 0.1Mm−1sr−1 as a clear condition. Higher values are considered as pollution, and
thus Arctic haze in spring and forest fire impacts in summer.

A summary of recent findings is given. The backscatter rises from April to mid of May.
Whether aerosols of May belong to the Arctic haze or not needs to be investigated in the
following subsections. The backscatter decreases till June and increases afterwards. The
haze in terms of backscatter values is the strongest in the lower altitudes. Despite this, the
transition of Arctic haze to summer season is most pronounced between 2.5 km and 6.5 km.

4.1.2. Extinction

Apr May Jun Jul Aug
10 0

10 1
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Figure 4.5.: The daily median extinction of the height interval 0.7 − 2.5 km is displayed from
April to July 2021. After the maximum in May, the extinction decreases.
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4.1 Seasonal trends in physical aerosol properties

The median extinction of height interval 0.7 − 2.5 km is displayed in figure 4.5. Height intervals
above 2.5 km exhibit too much noise in extinction, as shown in figure B.1. The median extinc-
tion of 0.7 − 2.5 km rises to its maximum in mid of May. Afterwards it decreases continuously.
The values of the 11th and 12th of April stand out with low values. This results from a clear
atmosphere.

4.1.3. Aerosol depolarisation
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Figure 4.6.: The temporal development of the daily median aerosol depolarisation is illustrated
from April to July 2021. The median is built upon 0.7 − 10 km. Due to low values
of 2%− 3%, the aerosols are mostly spherical through out the period.

The daily median aerosol depolarisation of height interval 0.7 − 10 km is illustrated in figure
4.6. The depolarisation does not vary much through out the period and takes values of 2− 3%.
Therefore, the aerosols are mostly spherical.

4.1.4. Lidar ratio

The lidar ratio is influenced by the noise of the extinction, according to equation 3.7. Hence,
solely the lidar ratio of 0.7 − 2.5 km is displayed in figure 4.7. Large fluctuations are visible in
April and July. The 31st of May is not displayed, due to its unreasonable values. In April the
lidar ratio varies between approximately 20 sr to 50 sr, except for the 11th and 12th of April.
The lidar ratio is higher and more constant in May and early June. Around mid-June, it then
rises further to values of up to 90 sr. Enhanced lidar ratios generally indicate either strongly
absorbing or small, elongated particles (Foken, 2021). Here, elongated particles can be ruled
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Figure 4.7.: The daily median lidar ratio from April to July 2021 is displayed. Likewise to
the extinction, only the height interval 0.7 − 2.5 km can be considered, due to
noise. The 31st of May is not shown because of unphysical values. The lidar ratio
indicates an extended haze season till May, however interrupted in April. Forest
fire impacts are visible in July.

out, due to the overall small values in the depolarisation, see figure 4.6.

The enhanced lidar ratio from May to early June implies a higher refractive index than in
April. In combination with the maximum values of extinction and backscatter it indicates that
the haze season in 2021 peaked in May, hence slightly later in the season than expected. The
variability of backscatter and lidar ratio in April shows that during this month the Arctic haze
period was clearly interrupted around mid April. Especially on 11th and 12th of April a very
clear atmosphere has been found, leading to low extinction, hence low lidar ratios. The high
lidar ratio in June and occasionally in July could potentially be explained by forest fire aerosol
with a high amount of black carbon.

Careful use of the lidar ratio of figure 4.7 is necessary, due to high noise in extinction and
partially not plausible lidar ratios for April and June. However, extinction in May in figure 4.5
shows no high fluctuations.

4.1.5. Color ratio

The size of aerosols is discussed by means of the color ratio. Figure 4.8 displays the daily median
color ratio of height interval 0.7 − 10 km. It continuously rises from April to July and amounts
to approximately two or three. Thus the aerosols become smaller through out the period. The
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Figure 4.8.: The daily median color ratio from April to July 2021 is displayed. The median
was built from 0.7 km to 10 km. Particle sizes decrease through out the season.
This is shown by the rise in color ratio. The 31st of May consists of a very clear
atmosphere and represents an exception to the trend.
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Figure 4.9.: The daily median color ratio from April to July 2021 is displayed. The median was
built from 0.7 km to 2.5 km. It indicates a decrease in particle size in transition to
summer, hence beginning in June. In combination with the increased lidar ratio in
May (see figure 4.7) the aerosols of May are identified as Arctic haze pollution.

31st of May represents an exception again, due to previously mentioned circumstances of a
clear atmosphere. Because the color ratio is calculated according to equation 3.13 the value
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4.2 Hygroscopicity of the aerosols from April to July 2021

becomes unstable for low backscatter, resulting in these extreme values.

Figure 4.9 shows the development of median color ratio for the height interval 0.7 − 2.5 km. It
shows a decrease in particle size in transition to summer, too. As mentioned before, the aerosol
accumulation in May is likely to be pollution from the haze period. The enhanced particle size
in May stresses this hypothesis.

To conclude, the aerosols get smaller through out the observed time period. In particular, the
lowest height interval contains larger aerosols of similar sizes in April and May. The aerosols
of May stem from haze pollution, too.

4.2. Hygroscopicity of the aerosols from April to July 2021

For investigation of hygroscopic growth, one assumption has to be made. It is assumed that
the physical aerosol properties do not change strongly within one height interval of the free
troposphere. In the free troposphere, i.e. above 2.5 km, in general old aerosols from long-
range transport are observed. In combination with wind shear there is no strong gradient
in aerosols’ microphysical properties. Then hygroscopic growth is indicated by the relation
of physical aerosol properties and relative humidity. Changes in backscatter, color ratio and
depolarisation, that are observed parallel to strong humidity gradients, are interpreted to stem
from hygroscopic behaviour of the aerosols. Validity and gain of this hypothesis remain to be
investigated in future studies.

Filtered data was used for this analysis, hence no clouds are contained in the measurements.
The comparison of backscatter and relative humidity is performed only with lidar measurements
which took place ±30 minutes with respect to the launch of the radiosonde. Therefore, 33 out
of 451 lidar profiles remain for this study.

Figure 4.10a displays the backscatter with respect to the relative humidity over water and
4.10b with respect to the relative humidity over ice. A separation of relative humidity in these
two categories is necessary. Since every aerosol can act as cloud condensating nuclei (CCN) at
sufficient humidity, but not as ice nucleating particles (INP), relative humidity over water is
defined in ranges of 0% and 100% while relative humidity over ice can be greater than 100%.
If hygroscopic growth would be indicated, figure 4.10a would show a strong increase of backscat-
ter starting at 40% relative humidity over water (Zieger et al., 2010). Instead, large scatter
is present in the plot. The median backscatter for each percentage of relative humidity is dis-
played in figures 4.10a,b to illustrate an average trend.
On average, the Arctic aerosols pursue a hygroscopic behaviour. The median backscatter in-
creases with relative humidity in figure 4.10. The rise at relative humidity lower than 40%

stems from natural fluctuations because no hygroscopic growth is expected for this dry cir-
cumstances (Zieger et al., 2010). The median backscatter gets chaotic for a relative humidity
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Figure 4.10.: The scatter plot illustrates all time steps from April to July 2021, which went
through the cloud filter. The backscatter is plotted against the relative humidity
over water (a) and over ice (b), respectively. In addition, the median backscatter
for each percentage is plotted. It demonstrates that the aerosols generally follow a
hygroscopic behaviour. Below 40% and above 70% relative humidity over water
natural fluctuations dominate.

higher than 70%. To conclude, the development of the median backscatter shows the average
hygroscopic behaviour of Arctic aerosols only in between 40% and 70% relative humditiy over
water. An increase by 0.06Mm−1sr−1 is seen in this interval.
Figure 4.10b exhibits a chaotic behaviour above 120% relative humidity over ice.
The chaotic behaviour of figure 4.10a,b above 70% relative humidity over water or rather
120% over ice either stems from cloud formations, because they happen rapidly and thus lead
to an offset of radiosonde and lidar, or from INP. However, in general the development of fig-
ures 4.10a,b at those wet circumstances demonstrates that individual case studies need to be
examined to understand this variability. It takes place in subsection 4.3.

For future research, figure 4.10 might be important for climate modelling as well, since the
backscatter as function of humidity can be gained between 40% and 70% relative humidity over
water. A growth curve, according to equation 2.2, is applied in figure 4.11 for the normalized
median backscatter between 40% and 70% relative humidity over water. The normalization
is performed by division with a reference median backscatter value for dry conditions, hence
the median between 0 − 40% relative humidity over water. A fit parameter of approximately
γ = 0.47 suits the data. By assuming that disruptive effects average out, due to the variety of
cases and heights, this fit parameter is equivalent to a seasonal average.
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4.2 Hygroscopicity of the aerosols from April to July 2021
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Figure 4.11.: The normalized median backscatter from April 2021 to July 2021 between 0.7 km
and 10 km for humidity interval 40 − 70% relative humidity over water is illus-
trated. The normalization is made by division with a dry reference value of the
backscatter. This reference is obtained between 0 − 40% relative humidity over
water. A growth curve with parameter γ = 0.47 is fitted on the data. Such a
growth curve might be used for a simplified description of the average hygroscopic
growth of Arctic aerosol.

Figure 4.12a displays the backscatter with respect to the relative humidity over water and 4.12b
to the relative humidity over ice. The scatter plots are colored according to the height of the
scattering particle in the atmosphere. They range from 0.7 − 10 km.
Trends in heights are present. The highest backscatter of 1.9Mm−1sr−1 appears in the lower
3 km of the atmosphere at oversaturated relative humidity. Higher altitudes of 8 − 10 km

show smaller backscatter than these lower altitudes. The backscatter amounts merely between
10−2Mm−1sr−1 to 0.9Mm−1sr−1, depending on relative humidity. Intermediate heights show
the same magnitudes as the higher altitudes.
The upper heights show a chaotic behaviour at high relative humidity over ice in figure 4.12b,
too. Due to the low temperatures around −40 ◦C in the upper troposphere, one only has to
consider the relative humidity over ice. But there do exist less INP than CCN, hence leading
to higher variability in the upper troposphere.

Figure C.1 in the Appendix is similar, but contains a colormap according to the date. April is
the most dryest month, or other data points are covered. In May high backscatter values are
often to be found at increased relative humditiy.

For further investigation, percentiles are examined: Table 4.1 shows the 25th, 50th and
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Figure 4.12.: The scatter plot illustrates all time steps between 0.7 − 10 km from April to
July 2021, that pass the cloud filter. The backscatter is plotted against the
relative humidity over water (a) and over ice (b), respectively. The color map is
height-resolved. Usually lower altitudes provide high backscatter at oversaturated
relative humidity over water.

0.7 - 10 km
percentile April May June July

0.25 0.3057 0.3283 0.2199 0.3651
0.50 0.4393 0.4917 0.4308 0.6200
0.75 0.5469 0.6279 0.6059 0.7214

0.7 - 2.5 km
percentile April May June July

0.25 0.3643 0.5058 0.5321 0.6744
0.50 0.4637 0.6948 0.5923 0.7287
0.75 0.6100 0.7628 0.7350 0.8159

6.5 - 10 km
percentile April May June July

0.25 0.1986 0.1917 0.0877 0.2500
0.5 0.3125 0.3392 0.3959 0.3238
0.75 0.4400 0.4655 0.5695 0.4443

Table 4.1.: The 25th, 50th and 75th percentile of relative humidity are gathered by month
and height interval. Two general trends are visible. The first observation is that
the relative humidity decreases with altitude. The second observation regards the
seasonality. May and July consist of a more humid troposphere than April and July.

75th percentile of the relative humidity over water of different height intervals and months.
Together with table A.1 in the Appendix, further information to time and height dependent
hygroscopic behaviour can be obtained. The relative humidity varies strongly with height and
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4.3 Case studies regarding hygroscopicity of Arctic aerosols

season, according to table 4.1. Regarding a height dependent trend, one can see that humidity
decreases with height, in general. A seasonal analysis of table 4.1 indicates that overall May
and July show higher humidity values than April and June. The corresponding backscatter
in table A.1 shows that often, May consists of the highest backscatter values. The seasonal
backscatter trend is like discussed in section 4.1.
Via comparison of these two tables, it is visible that the percentiles of humidity are similar
for May and July 2021. At the same time, the backscatter in May generally seems to be
slightly higher than in July. This corresponds with findings of figure C.1 where May consists
of enhanced backscatter parallel to high humidity values. Since the hygroscopic behaviour
in May and summer season seems to differ, one can make the hypothesis of different aerosol
species. The hypothesis of Arctic haze pollution in May is stressed.

In conclusion, the Arctic aerosols show an average hygroscopic behaviour, like illustrated by
figure 4.10. A rise of backscatter with humidity was determined between 40% and 70% relative
humidity over water in figure 4.10a. Seasonal modifications of hygroscopic growth as well as
a height dependent trend are visible. Lower altitudes consist of higher backscatter values
parallel to higher humidity. Via comparison of seasonal trends in backscatter and humidity,
one can see that May 2021 generally consists of higher backscatter than July for similar relative
humidity. This difference lies in accordance with the hypothesis of an Arctic haze event in May,
in comparison to the aerosols’ summer trend in July.

4.3. Case studies regarding hygroscopicity of Arctic aerosols

Subsection 4.2 dealt with a general analysis of the hygroscopic growth between April and the
end of July 2021. There is not just one hygroscopic growth trend for all days. Already Rinke
et al. (2004) stated, the aerosols’ radiative effect, hence physical properties, to depend on
current atmospheric conditions. Therefore, two individual days are discussed in the following
to examine aerosol hygroscopic behaviour with respect to current meteorological conditions.
The first case study treats non-hygroscopic behaviour of aerosols, and the second case study
the high variability of multiple cloud layers. In particular, a rare ice cloud is observed in the
second case study.

The analysing procedure is the following:
In particular, backscatter, aerosol depolarisation and color ratio are discussed parallel to strong
humidity gradients. The backscatter increases, when aerosols grow due to water uptake. Color
ratio indicates the size of a particle, but since it is defined as division of two backscatter
signals from different wavelengths (see equation 3.13), it might suffer from enhanced noise. For
instance, similar, low backscatter values might result in an unreasonable high or low color ratio.
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4.3 Case studies regarding hygroscopicity of Arctic aerosols

Therefore, backscatter profiles provide a more stable first analysis of hygroscopicity than color
ratio profiles. Instead of a first indication of hygroscopic growth, the color ratio is utilized
for support of hypotheses of hygroscopic growth. The aerosol depolarisation agrees with the
hypothesis of hygroscopic growth if it decreases. Due to water uptake the particles get more
spherical.

4.3.1. Case study 1: Complications and difficulties of hygroscopic growth at
the example of the 15th of May

The 15th of May 2021 is characterized by missing hygroscopic behaviour of some aerosols. The
lidar data of 10:40:08 UTC is discussed here, because current trends are stressed and it is one
of the temporally closest measurements to the radiosonde data of 10:46:10 UTC.
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Figure 4.13.: The profiles of backscatter and relative humidity over water and ice of the 15th of
May 2021 are displayed from 0.7 km to 10 km. The lidar measurement took place
at 10:40:08 UTC and the radiosonde measurement at 10:46:10 UTC. The strong
humidity gradient from 5.6 − 7.1 km has no influence on the backscatter of the
aerosols. It indicates non-hygroscopic behaviour.

Figure 4.13 displays the profiles of backscatter and relative humditiy. The temperature profile
is shown in figure D.1 the Appendix. Above approximately 6 km the temperature is lower than
−35 ◦C. Only the relative humidity over ice is therefore relevant above 6 km, and the relative
humidity over water below 6 km. Because INP are rare, it is assumed that above −35 ◦C the
relative humidity over ice can be neglected.
From 7.1 km to 8.7 km a positive correlation between backscatter and humidity is visible. Like-
wise, from 2.0 km to 2.5 km the aerosols follow a subtle hygroscopic trend. Yet, neither the
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4.3 Case studies regarding hygroscopicity of Arctic aerosols

strong humidity gradient in 5.6 − 7.1 km nor weak fluctuations in humidity from 2.5 km to
5.6 km seem to have an impact on the backscatter profile. In the following, the hygroscopicity
of those intervals is investigated further.
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Figure 4.14.: The scatter plot illustrates the backscatter of the aerosols at certain relative hu-
midity over water for the 15th of May 2021. Figure (a) displays the height interval
2.5 − 5.6 km, and figure (b) 5.6 − 7.1 km. Like expected, the upper height inter-
val (b) shows no hygroscopic growth. Natural fluctuations dominate. Backscatter
values of the lower height interval (a) increase with humidity. The color map
depends on the color ratio. Hygroscopic growth of the lower height interval is
indicated by the color ratio. By comparison, no correlation of backscatter and
color ratio is present for the upper height interval.

The scatter plot in figure 4.14a underlines the small increase in backscatter with humidity of
height interval 2.5− 5.6 km. The color map of this figure is based on the color ratio. It indicates
larger particle size at enhanced humidity. The color ratio profile in figure 4.15 coincides with
this results - color ratio increases while humidity decreases. Even the rise in humidity from
4.4 − 4.7 km might be visible in the color ratio profile. But no correlation of color ratio and
backscatter is visible in figure 4.14a. For a certain relative humidity, high backscatter values
come together with the same color ratio as for low backscatter values. But this color ratio
development might also stem from fluctuations. Overall, a subtle hygroscopic trend is visible
between 2.5 km and 5.6 km.

The backscatter values of 5.6 − 7.1 km in figure 4.14b seem to decrease with humidity. More-
over, no correlation of color ratio with either backscatter or humidity is present. The aerosols
are consistently small. The color ratio profile in figure 4.15 implies no correspondence of color
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Figure 4.15.: The profiles of color ratio and relative humidity over water and ice of the 15th
of May 2021 are displayed from 0.7 km to 10 km. The lidar measurement took
place at 10:40:08 UTC and the radiosonde measurement at 10:46:10 UTC. Non-
hygroscopic behaviour between 5.6 km and 7.1 km is indicated again. The particle
growth does not follow the curve progression of increasing humidity. The lack at
approximately 3 km height results from too low backscatter values. Since the color
ratio is defined as division of two backscatter signals (see eq. 3.13), it might get
extreme values for low backscatter. Therefore, no color ratio is calculated when
the backscatter is low.

ratio and humidity developments, too.
Note that the relative humidity over ice is oversaturated, but since the depolarisation in figure
4.16 indicates no ice particles, the relative humidity over water was used for the analysis.
The scatter plot of depolarisation and backscatter in figure 4.17a shows a decrease in depolari-
sation parallel to an increase in backscatter. This might indicate hygroscopic growth. However,
changes are small and no hygroscopic growth is demonstrated in the color ratio profile in figure
4.15. The trend therefore stems from fluctuations.
Overall, no hygroscopic growth appears between 5.6 − 7.1 km, despite the strong humidity
gradient.

The backscatter is high within the humidity gradient of 7.1 − 8.7 km. Moreover, the color ratio
and depolarisation in figures 4.15 and 4.16 are low. Growth of the aerosols is assumed for this
height interval.
The depolarisation profile in figure 4.16 displays enhanced values above and below this interval.
The scatter plots in figures 4.17a,b of backscatter and depolarisation of the intervals 5.6− 7.1 km

(a) and 8.7− 9.5 km (b) show that backscatter increases if depolarisation decreases. Hygroscopic
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Figure 4.16.: The profiles of aerosol depolarisation and relative humidity over water and ice of
the 15th of May 2021 are displayed from 0.7 km to 10 km. The lidar measurement
took place at 10:40:08 UTC and the radiosonde measurement at 10:46:10 UTC.
Increased values are observed above 8.5 km and from 5.6 km to 7.1 km. No hy-
groscopic growth is expected above 8.7 km, because of the low temperature, and
below 7.1 km, due to previous results.
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Figure 4.17.: The relation of backscatter and depolarisation from 5.6 − 7.1 km (a) and
8.7 − 9.5 km (b) for the 15th of May 2021 are displayed. The parallel decrease
of depolarisation and increase of backscatter might indicate hygroscopic growth.
However, depolarisation stays low and only takes values between 1% and 4%.
And since the color ratio profile of figure 4.15 does not imply a growth of the
particles in interval 5.6 − 7.1 km, hygroscopic growth is ruled out for this height.
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growth due to water uptake leads to more spherical particles. Hygroscopic growth was ruled out
for the interval 5.6 − 7.1 km. Above 8.7 km the temperature is low, hence no water is present.
Hygroscopic growth is therefore not expected above 8.7 km, too. The enhanced backscatter
values above 8.7 km might stem from ice particles. Despite this, the relative humidity over ice
is low.

In conclusion, no clear hygroscopic behaviour is visible on the 15th of May 2021. From 5.6 −
7.1 km no hygroscopic growth occurs, despite strong humidity gradients. Other height intervals,
i.e. 2.5 − 5.6 km and 7.1 − 8.7 km, display hygroscopic behaviour partially. The composition
of the aerosols is highly variable within altitude for this day.

4.3.2. Case Study 2: Multiple cloud layers with high temporal variability at the
example of the 31st of July

The 31st of July 2021 was marked by the growth of multiple cloud layers, i.e. one ice cloud and
two water clouds. The water clouds show high temporal variability. For observation of these
cloud formations and their physical properties, the cloud mask is omitted.
The fourth backscatter profile of the lidar data from 10:59:23 UTC and the humidity profiles of
the radiosonde from 10:49:03 UTC are shown in figure 4.18. The previous lidar measurement
of 10:48:05 UTC is temporally closer to the start of the radiosonde balloon. However, by
consideration of the balloons time of ascent, the fourth lidar measurement is temporally closer
to the measured effects of the radiosonde.

Three events of high backscatter values at elevated humidity are present in figure 4.18. The
lowest is located at at 3 − 3.9 km, the next at 5.2 − 5.8 km, and the highest cloud ranges
from 8.5 km to 9.5 km. The backscatter coefficient reaches values of up to 53Mm−1sr−1. The
lowest two peaks of backscatter are slimmer than the corresponding humidity gradient. Yet,
the highest event shows opposite slopes, the extent of the backscatter and the humidity peaks
are of good correspondence.

The hypothesis is that these three backscatter peaks indicated three cloud layers. Their physical
properties are investigated in the following with the figures 4.19, 4.20, and 4.21. They illustrate
the backscatter, aerosol depolarisation and color ratio profiles of the third, fourth and fifth
timestep of the day. Hence, they demonstrate the temporal development of the clouds’ physical
properties.

The upper height interval 8.5 − 9.5 km contains a relatively stable backscatter peak. It rises
with time, but the order of magnitude stays nearly constant. Like seen before in figure 4.18,
the backscatter peak coincides with the humidity peak. The relative humidity over ice is
oversaturated. The occurrence of an ice cloud is possible, since the temperature profile in
figure E.1 in the Appendix demonstrates that the temperature is low at this height interval.
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Figure 4.18.: The backscatter and relative humidity profiles from 0.7 km to 10 km on the 31st of
July 2021 are displayed. The lidar measurement took place at 10:59:23 UTC and
the radiosonde measurement at 10:49:03 UTC. Three parallel peaks of humidity
and backscatter are visible: Firstly from 3.0 − 3.9 km, secondly from 5.2 − 5.8 km,
and thirdly from 8.5 − 9.5 km.

The color ratio profile in figure 4.21 indicates large particles between 8.5 km and 9.4 km. High
aerosol depolarisation is present, too. Figure 4.20 shows values of up to 22%. Ice particles are
likely to be the cause of this. Therefore, the upper cloud is in fact an ice cloud, which is almost
stable in time.

The backscatter peak of the intermediate height interval 5.2 − 5.8 km first increases and then
decreases. The color ratio of the third and fourth time step is low between 5.0 km and 5.7 km,
while the color ratio of the fifth time step is of the same magnitude as in between the clouds.
Only a small reduction is present for the interval 5.4 − 5.7 km. The developments of the
backscatter and color ratio profiles coincide, since the backscatter decreases for the fifth time
step as the color ratio increases. It means that the particles get smaller and cause a decrease
of the backscatter. The depolarisation in figure 4.20 displays a sharp decrease between 5.2 km

and 5.8 km, which implies more spherical particles. Overall, the intermediate cloud is a highly
variable water cloud. Due to water uptake, the aerosols grow and get more spherical.
Note that the relative humidity over water is not oversaturated, still a water cloud forms.
Because this water cloud has a short lifetime, i.e. begins to vanish in the fifth time step,
measurement errors of the radiosonde with respect to the lidar measurement need to be taken
into account. The measurement of the lidar and the radiosonde might not coincide completely.
Recorded effects might differ due to the high temporal variability of the cloud.

36



4.3 Case studies regarding hygroscopicity of Arctic aerosols

0 2 4 6 8 10

10 -1

10 0

10 1

10 2

10 3

10:48:05 UTC
10:59:23 UTC
11:10:42 UTC

Figure 4.19.: Backscatter profiles from 11:10:42 UTC, 10:59:23 UTC and 10:48:05 UTC from
the 31st of July 2021 are displayed. They illustrate the temporal development of
the backscatter. In particular, the lower and upper peak rise with time, while the
intermediate increases and then decreases. The lowest peak grows the most, by
approximately two magnitudes.

The lower cloud grows with time. The backscatter peak between 3.0 km and 3.9 km in figure 4.19
increases strongly by two magnitudes. Natural cloud growth as well as unnatural mechanisms,
like a feeder-seeder effect by the upper ice cloud, are possible causes of this strong backscatter
growth. A feeder-seeder effect means that ice particles from the high ice cloud sink down to
the lower cloud, and cause it to grow. This needs to be investigated in the following. The
color ratio is low between 3.3 km and 3.9 km. Large particles are present. By evaluation of
the depolarisation in figure 4.20 a feeder-seeder effect can be ruled out. Despite the enhanced
depolarisation at position of the lower cloud, the values are too small for ice particles. The
small increase is only visible in the fourth and fifth time step. Since the backscatter is also
extremely high for these two time steps, this rise in depolarisation is probably caused by multiple
scattering. Multiple scattering interferes with the Mie theory, and might lead to those enhanced
depolarisation values. Therefore, no ice particles are present at the lower cloud. Instead it is a
water cloud, that grows strongly with time.

For further research of the hygroscopic behaviour of the aerosols, the relation of backscatter to
humidity has to be investigated. The lidar measurement of 10:59:23 UTC is considered for this.
The three observed events differ, hence various hygroscopic behaviours are expected. Therefore,
these events are investigated individually in figures 4.22 and 4.23.
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Figure 4.20.: Aerosol depolarisation profiles from 11:10:42 UTC, 10:59:23 UTC and 10:48:05
UTC from the 31st of July 2021 are displayed. They illustrate the temporal
development of the depolarisation. Enhanced depolarisation values are visible
between 8.5 km and 9.4 km, thus at position of the upper cloud. From 5.4 km
to 5.7 km the depolarisation is low. A small rise is visible approximatley at the
position of the lower cloud. Therefore, the upper cloud is likely to be an ice
cloud, and the lower and intermediate clouds are water clouds. The enhanced
depolarisation of the lower cloud stems from multiple scattering.

The upper ice cloud in figure 4.22 provides two different backscatter progressions. The first
one begins to rise at 47% relative humidity over ice. The second development increases later,
hence at 100% relative humidity over ice. The two progressions coincide with the inconsis-
tent backscatter peak in figure 4.18. This peak contains smaller fluctuations. Therefore, the
backscatter sometimes rises and sometimes decreases with relative humidity. The highest rela-
tive humidity does not coincide with appearance of the maximal backscatter. Nevertheless, the
overall relation is a rise of backscatter with humidity. The color ratio is displayed by means
of the color map. A decrease in color ratio appears simultaneously with a rise of backscatter,
meaning that the particles grow. It coincides with previous results. The minimal color ratio
amounts to approximately one, which is the limit of big particles. In particular, by comparison
of the two trends in figure 4.22 it is visible that enhanced backscatter values at same humidity
comes parallel to increased particle size. The occurrence of hygroscopic growth is stressed.
The lower and intermediate clouds are displayed in figure 4.23. The lower cloud in figure 4.23a
follows an almost linear relation between backscatter and humidity for low and medium humid-
ity. From a relative humidity over water of 77%, the progression gets more chaotic. In addition,
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Figure 4.21.: Color ratio profiles from 11:10:42 UTC, 10:59:23 UTC and 10:48:05 UTC from
the 31st of July 2021 are displayed. They illustrate the temporal development of
the color ratio. Low color ratio is seen at positions of the three clouds, indicating
large particles. The color ratio of the intermediate cloud rises for the fifth time
step again. This coincides with observed decrease in backscatter.

a second development forms. Measuring errors regarding the humidity profile, or temporal and
spatial measurement shifts of lidar and radiosonde are possible. The color ratio decreases as
backscatter increases. Moreover, again higher backscatter values at same humidity are parallel
to larger particles. Hygroscopic growth is visible for the lower cloud, too.
The hygroscopic behaviour of the intermediate cloud is illustrated in figure 4.23b. The backscat-
ter increases sharply beginning at 72% relative humidity over water. The particles grow simul-
taneously as indicated by the color ratio. Above 80% relative humidity, two trends are present.
The first one consists of big particles, hence high backscatter, while the second trend shows low
backscatter and particle size. This coincides with the profiles of figure 4.18. The backscatter
peak is slimmer than the corresponding humidity peak. Therefore, low backscatter values are
observed at high humidity, too. Despite this, the first trend of figure 4.23b, where backscatter
and particle size increase with humidity, demonstrates hygroscopic growth.

To conclude, multiple cloud layers are present for this day. Two highly variable water clouds
are in 3.0 − 3.9 km and 5.2 − 5.8 km. The lower cloud grows strongly with time, as the
intermediate cloud first grows and then begins to vanish. The increase of the lower cloud is
that high, that multiple scattering occurs for the last two time steps. In addition, an ice cloud
is observed between 8.5 km and 9.5 km. In comparison to both of the lower clouds, it is stable
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Figure 4.22.: The backscatter of the 31st of July 2021 is plotted against the relative humidity
over ice for the interval 8.5 − 9.5 km. This is the position of the ice cloud.
The aerosols follow either a hygroscopic development or a non-hygroscopic in this
scatter plot. The color map depends on the color ratio. It indicates the occurrence
of hygroscopic growth because the color ratio rises with increasing backscatter,
parallel to rising humidity.

in time. Since the growth of the two water clouds is very strong, unnatural causes needed to be
investigated, i.e. a feeder-seeder effect by the upper ice cloud. This effect was ruled out because
no ice particles are observed at the lower clouds. Therefore and because of the high variability
of the water clouds, temporal and spatial shifts of the lidar and radiosonde measurement are
expected to be critical here and lead to a inconsistency of backscatter and humidity profiles.
In future studies, a smaller temporal resolution of the lidar data should be used to achieve a
better accordance of radiosonde and lidar measurement.
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Figure 4.23.: The backscatter of the 31st of July 2021 is plotted against the relative humidity
over water for the intervals 3.07 − 3.9 km (a) and 5.0 − 5.97 km (b). These are
the positions of the humidity gradients of the lower and intermediate clouds. The
lower cloud provides a linear correlation of backscatter and humidity. The trend
gets chaotic above 77% relative humidity. The backscatter of the intermediate
cloud rises strongly at certain relative humidity, but is low afterwards. These
two fluctuations at high humidity probably stem from shifts between radiosonde
and lidar measurement. The color map depends on the color ratio. Hygroscopic
growth is indicated for both height intervals.
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5. Discussion

Previously shown results of section 4 are compared with other researches. Moreover, evaluations
and further interpretations are examined here.

5.1. Seasonal trends in microphysical aerosol properties

The aim of this subsection is to discuss whether the annual cycle of aerosol concentrations
in the free Arctic troposphere, proposed by Shibata et al. (2018) and Tunved et al. (2013),
coincides with the observed data from 2021. Furthermore, the seasonality of aerosol sorts is to
be examined and compared to studies of Tunved et al. (2013) and Quinn et al. (2007) that are
summarized in subsection 2.2.

The observed backscatter profile during the haze season in subsection 4.1 differs partially from
results of Tunved et al. (2013). After a break in April, the Arctic haze resumes in May and
lasts until end of the month. However, the decrease of aerosol concentration in sunlit summer
coincides with the decline of backscatter in transition of May and June 2021. In accordance with
Tunved et al. (2013), this phenomenon can be classified as disappearance of Arctic haze, coupled
with formation of new particles. Formation of particles increases the number concentration
of aerosols. Nevertheless these particles are too small for the lidar. Hence, the backscatter
decreases, and the color ratio increases, indicating smaller particles. The rise in July probably
stems from forest fire aerosols. Due to interannual variability of forest fire events, no accordance
with other researches of Arctic aerosol cycles is expected.
Taking a look on the color ratio, one finds a decrease in aerosol size, but of lower gradient
than Tunved et al. (2013). However, the whole atmosphere above the lidar was measured and
integrated. This leads to a reduced gradient of aerosol development per time. Hence, Tunved
et al. (2013) will show clearer, stronger developments of the aerosol.
Overall, one hypothesis regarding the development in 2021 is that the observed progression of
Tunved et al. (2013) overlaps with the additional aerosol accumulation of May 2021.

Regarding the fluctuations, a smoother curve is visible in Tunved et al. (2013) than in 2021.
They observed the aerosol number distribution and averaged over 10 years. Moreover, they
measured at the Zeppelin station, and not in Ny-Ålesund. Therefore, small differences with
respect to results of 2021 are expected. The smoother development in Tunved et al. (2013)
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5.1 Seasonal trends in microphysical aerosol properties

makes sense, too.

Quinn et al. (2007) locates the maximum of Arctic haze in March or April. The time of the
Arctic haze maximum in 2021 is uncertain. It was found that May 2021 belongs to the haze
and might represent the maximum of the haze period. Then again, March 2021 can have even
greater extent of Arctic haze.

Shibata et al. (2018) investigated the profile of monthly averaged backscatter, depolarisation
and color ratio, as well as time resolved averaged backscatter and depolarisation data, from
Arctic aerosol measurements of 2014 to 2017.
Not only did they identify annual cycles that are most pronounced above 2 km, but also they
find the aerosol concentration to sink with altitude by order of one magnitude through out the
troposphere. In 2021 the backscatter decreases as well with altitude, in particular by up to
one magnitude in summer season. Furthermore, the aerosol development of summer 2021 is
most pronounced above 2.5 km. This goes with the fact, that the general annual cycle above
2 km is most explicit (Shibata et al., 2018). The overall progression of aerosol backscatter
coincides with results of Shibata et al. (2018) above 2 km. However, findings of them also show
an interannual variability. Therefore the maximum of mean backscatter can merely be located
between May and July. Yet backscatter developments resemble the profiles of 2021, for instance
in 2015 from 0.7− 2 km and 2 − 4 km and in 2016 from 2 − 4 km.
The low values of depolarisation coincide with findings of Shibata et al. (2018) and Müller
(2019). However, the development is inverted compared to Shibata et al. (2018). They found
lowest values in summer and highest in spring. The positive correlation between the backscatter
and the depolarisation is as well the opposite in 2021, hence a negative correlation. The
discrepancy might result from fluctuations and uncertainties of the lidar measurement, due to
the fact that the depolarisation only takes values of a few percent. Nevertheless, one has to
consider the influence of the cloud filter. Shibata et al. (2018) find higher depolarisation in
5 − 8 km and slightly bigger particles than in 2021. This might result from usage of a stronger
cloud mask for 2021 data.

The color ratio shows no clear correlation with results of Shibata et al. (2018). The values
reach down to 0 or 1 while the ones of 2021 range from approximately 1 to 3. Moreover, the
rise in color ratio to summer is not observed by Shibata et al. (2018). But this increasing color
ratio makes sense by consideration of new particle formation in summer.

For comparison with aerosols in Ny-Ålesund of 2019 and 2020, one can consult the researches
of Rader (2020) and Dube (2021). Note, that an analysis is just partially possible since their
thematic focuse lies on the Arctic haze. Hence, they covered lidar measurements from January
to April. The general trend of declining backscatter with height is observed in 2019, 2020
and 2021. Dube (2021) and Rader (2020) hypothesize a correlation with shrinking particle
sizes, in combination with lower aerosol concentrations. The Arctic haze phenomenon is more
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pronounced in 2020 than in 2019. None of the two researches indicate an extended haze season.
In 2019 and 2020 the backscatter of the lowest height interval is the highest in February.
The backscatter maximum then shifts towards higher altitudes for later months. In April the
backscatter maximum is located between 3 − 5 km (Rader, 2020). The backscatter values of
this height intervals are in good accordance with 2021. However, the height dependent Arctic
haze development differs. In April 2021 and May 2021, the maximal backscatter lies for all
height intervals below 6.5 km in May. The highest interval provides no difference between April
and May. Therefore, no typical shift of the Arctic haze maximum towards higher altitudes is
visible between April and May. But it is to be expected, that the unusually extended haze of
2021 does not follow this pattern, since a return of the haze and not an elongated phasing out
till May is hypothesized.

In conclusion, the observed backscatter development in 2021 lies in good accordance with
results of Shibata et al. (2018). Compared with Tunved et al. (2013) the maximum of May
2021 cannot be confirmed. In the researches of Shibata et al. (2018) and Graßl and Ritter
(2019) an interannual variability is visible. This might as well be the reason for discussed
differences between the reviewed studies and 2021.

5.2. Hygroscopicity of the aerosols from April to July 2021

The general hygroscopic behaviour of the Arctic aerosols from April to July 2021 was debated
in subsection 4.2. Further discussion to individual hygroscopic events followed in subsection
4.3. Aim of this subsection is to compare the observed behaviour of aerosols in humid areas
with other researches as well as with the model of the growth curve (Gassó et al., 2000; Zieger
et al., 2010).

The general hygroscopic behaviour of Arctic aerosols in 2021 coincides with results of Müller
(2019). She investigated the Arctic aerosols of spring 2018. A general hygroscopic behaviour is
observed, i.e. increasing backscatter with humidity. The depolarisation stays constant, which
results from mostly spherical particles.

Furthermore, Müller (2019) found the hygroscopic growth to decrease with altitude. Such a
height dependent trend is also observed in 2021. At same humidity, the lower troposphere pro-
vides higher backscatter values than the upper troposphere in 2021. The aerosol concentration
might decrease faster with height than the humidity. However, the different chemical compo-
sition and transport ways might as well have significant impact on this trend, like proposed
by Dube (2021). Another hypothesis might be that the aerosols of lower heights are bigger
than those of upper heights. According to Vu et al. (2021) larger particles grow stronger, due
to water uptake, than smaller ones. Since the Arctic haze in terms of backscatter is present
mostly below 2.5 km, this hypothesis might hold for spring. In subsection 4.1 the color ratio
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5.2 Hygroscopicity of the aerosols from April to July 2021

was found to be higher in upper height intervals than in lower. Nevertheless this change in
particle size is small, especially in summer. Therefore, the first hypothesis, regarding the fast
decrease of aerosol concentration, is more likely.

Regarding the case study of the 15 th of May 2021, non-hygroscopic behaviour of the aerosols
is observable. Dube (2021) detected this behaviour by parts, too. The backscatter takes both,
high and low values, at increased humidity (Dube, 2021). Müller (2019) found a disturbance
in depolarisation trends by soil, which is non-hygroscopic. The chemical composition of the
aerosols of the 15 th of May might as well be the main cause for this non-hygroscopic trend.
Furthermore, the chemical composition of the height intervals might differ, leading to variations
in hygroscopic behaviour.
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Figure 5.1.: The growth curve of equation 2.2 is fitted to the backscatter of 2.5 − 5.6 km from
the 15th of May 2021. A normalization was made by division with the median
backscatter and growth curve values, respectively, of the dry reference interval. The
reference stems from in between 20% and 40% relative humidity. Therefore, growth
curves start at a relative humidity higher than 40%. Three fit parameters γ for the
growth curve are tested, but no growth curve fits the backscatter development. It
is still seen, that lower fit parameters γ suit the data better than high ones. Hence,
only a small hygroscopic growth is present.

For further investigation of the hygroscopic behaviour, the growth curve in equation 2.2, which
is used by Gassó et al. (2000) and Zieger et al. (2010), is fitted on the data of 2.5 − 5.6 km

from 15 th of May in figure 5.1. However, the observed hygroscopic growth does not follow the
trend that is proposed by the growth function. No fit parameter γ suits the data, since a strong
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rise in backscatter appears already at relatively low humidity. A value γ = 0.3 almost fits the
progress, except for the high rise after 60% relative humidity. High fit parameters can therefore
be ruled out. Hence, a lower value than usually detected by Zieger et al. (2010) might suit the
data well.
This case study is a good example for the seasonal hygroscopic trend that was investigated in
subsection 4.2. The seasonal average fit parameter γ = 0.47, as well as the obtained parameter
γ = 0.3 from the 15th of May 2021, are lower than expected in terms of studies from Zieger
et al. (2010). This makes sense, since Zieger et al. (2010) measured at the Zeppelin station in
autumn. No Arctic haze, but more sea salt, which is more hygroscopic, is observed there.
Rader (2020) and Dube (2021) analysed the hygroscopic growth of aerosols in Ny-Ålesund in
spring 2019 respectively 2020. Rader (2020) fitted the growth curve on two different days to
her data of 2019. Parameters γ often take similar magnitudes as in 2021. Still, higher fit
parameters are found by both as well. Since the 15th of May 2021 only displayed a subtle
growth behaviour, this difference is understandable.

The growth function of equation 2.2 does not suit the growth of aerosols with respect to
humidity over ice, hence the development of ice clouds. It is defined with the humidity over
water. Therefore, the growth curve cannot be applied to the ice cloud of the 31 th of July.
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6. Conclusion and future work

This section aims to provide a summary of important findings. Afterwards, possible future
research on this topic is introduced. In particular, a method to evaluate whether aerosols’ size
or chemical composition is dominating the scatter plots of backscatter and relative humidity
in subsection 4.2 is introduced. Results of this demonstrate a possible focus topic of future
hygroscopicity studies.

6.1. Conclusion

In the following a summary of important findings is given.
The investigation of the seasonal change in physical aerosol properties shows an extended haze
season till May. A return of the Arctic haze is hypothesized, rather than an elongated time of
phasing out. By daily median between 0.7 km and 10 km, the maximum in May reaches up to
0.2Mm−1sr−1. Graßl and Ritter (2019) detected an interannual variability of the Arctic haze,
which might coincide with this event. In general, the Arctic haze in terms of backscatter is the
strongest in lower altitudes. Nevertheless, the transition of Arctic haze to summer season is
most pronounced between 2.5 km and 6.5 km.

Furthermore, no clear hygroscopic trend is visible, due to the amount of different hygroscopic
events. But overall, the median backscatter from April to July 2021 rises with humidity. A fit
parameter γ = 0.47 for the growth curve is found to describe this average hygroscopic growth
well. It is equivalent to a seasonal average by assuming that disruptive effects cancel out, due
to the large quantity of cases and heights. The seasonal fit parameter is lower than expected,
in terms of studies from Zieger et al. (2010). The 15th of May 2021 serves as good example for
this weaker hygroscopic behaviour, since a fit parameter γ = 0.3 was found at this day.
Height and time dependent biases of the hygroscopic growth are detected, too. Lower altitudes
show both, higher backscatter and higher relative humditiy. In particular, investigation of the
distribution of humidity and backscatter within height show that the aerosol concentration
might sink more rapid than the humidity with height. The seasonal research showed that May
often provides enhanced backscatter in humid regions.

In addition, two hygroscopic events are examined further. They function as example for distur-
bances in the hygroscopic behaviour of the general Arctic aerosol. The aerosols of the 15 th of
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May 2021 exhibit partially no hygroscopic growth. Natural fluctuations can cause the effect of
hygroscopic behaviour. Only by consideration of strong humidity gradients, which adjoin the
height interval, a distinction between fluctuation and hygroscopic growth is possible.
The second case study happens on the 31st of July 2021. It includes the occurrence of a rare
ice cloud. Moreover, multiple cloud layers are present. Two water clouds underneath the ice
cloud demonstrate high temporal fluctuations. A feeder-seeder effect by the upper ice cloud was
ruled out. Due to the high variability it is expected that the temporal and spatial difference
of lidar and radiosonde is critical. Conditions change rapidly, leading to an inconsistency of
backscatter and humidity profiles.

6.2. Future work

Some future concepts for continuation and application of the thesis’ investigations are stated
here.

Poguntke and Ritter (2023) found a continuous disturbance in the lidar signal. A frequency
of 5MHz impacts the measurements. It might result from old recorders. Dube (2021) already
saw this frequency in his data. By means of fourier analysis, this frequency can be filtered
out. Thus, a more precise investigation of the lidar signal might be achieved. However, the
signal has no big impact on the results of this thesis. Due to frequent usage of the median,
the periodic disturbance cancels itself out. Moreover, no strong occurence of oscillations in
profiles of the case studies is seen. So invesitgated trends of microphysical aerosol properties
stay unchanged, due to the periodic signal.

The second case study in subsection 4.3.2 can also be investigated further. It was observed, that
the temporal and spatial shift of the lidar and radiosonde measurement is critical, due to the
high variability of the lower two clouds. For a more precise analysis of the cloud formation, the
temporal resolution of the lidar needs to be reduced to its minimum of approximately 1.5 − 2.0

minutes.

According to Stock et al. (2014), the exact origin of Arctic aerosols is still unknown. Due to
interannual variability (Graßl and Ritter, 2019), consideration of special occasions is necessary
for further understanding of the transport patterns. Implementation of the observed reduction
of the Arctic haze, April 2021, might lead to new evidence.

In general, more case studies are needed to improve models of the Arctic aerosol. For instance
models of hygroscopic growth or transport patterns can be deepened by implementation of
more, frequently occurring trends like non-hygroscopic aerosols, ice clouds and seasonality
modulations in microphysical aerosol properties.

Results of this thesis can be used for improving models of the average Arctic aerosol. In
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particular, figure 4.10 supports the description of the hygroscopic growth. The fitted growth
curve in figure 4.11 provides an average growth curve fit parameter γ of the Arctic aerosol.
This might be used for a simplified consideration of hygroscopic growth.
This simplified consideration can be made more exact in future studies. Aim of this future study
is to investigate whether size or chemical composition of the aerosols is the dominating factor
in hygroscopic growth. According to studies of Vu et al. (2021), larger particles often grow
stronger than smaller ones. Simultaneously, chemical composition of the aerosols determines
the hygroscopic growth, too, as stated by Vu et al. (2015) and Swietlicki et al. (2008). Via
suitable subdivision of the data set, one might reduce the scatter of figure 4.10, and obtain more
precise average fit parameter γ. The approach is a separation in four subsets: small and big
color ratio values, as indication of size, and small and big lidar ratios, as indication of chemical
composition. Scatter is hopefully reduced. The hygroscopic growth curves are then determined
for all four data sets. Finally, it is evaluated by means of the results, if size or chemical
composition is the dominating factor in hygroscopic growth. A schematical illustration of the
outlined procedure is gathered in figure 6.1.

Figure 6.1.: A schematical overview of a possible future study is illustrated. Aim of this study
is to reduce the scatter of figure 4.10 and obtain a more precise average fit pa-
rameter γ. It is assumed to determine, whether size or chemical composition is
the dominating factor of hygroscopic growth. Therefore, one divides the data set
of figure 4.10 into four subsets: small and big color ratio, and small and big lidar
ratio. Color ratio provides information about the size of aerosols, and lidar ratio
about their chemical composition. The growth curve is then identified for all four
subsets.
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A. Percentiles of backscatter

0.7 - 10 km
percentile April [Mm−1sr−1] May [Mm−1sr−1] June [Mm−1sr−1] July [Mm−1sr−1]

0.25 0.0963 0.0971 0.0445 0.1415
0.5 0.1188 0.1367 0.0613 0.1766
0.75 0.1534 0.2515 0.1276 0.2315

0.7 - 2.5 km
percentile April [Mm−1sr−1] May [Mm−1sr−1] June [Mm−1sr−1] July [Mm−1sr−1]

0.25 0.2288 0.4160 0.1679 0.3061
0.5 0.2910 0.5146 0.2187 0.3566
0.75 0.4481 0.5734 0.3683 0.4909

6.5 - 10 km
percentile April [Mm−1sr−1] May [Mm−1sr−1] June [Mm−1sr−1] July [Mm−1sr−1]

0.25 0.0750 0.0695 0.04720 0.1229
0.50 0.0937 0.0928 0.05744 0.1363
0.75 0.1104 0.1278 0.07244 0.1649

Table A.1.: The 25th, 50th and 75th percentile of the backscatter are gathered by month for
three different height intervals. The backscatter development follows the results of
subsection 4.1, meaning maximum backscatter values in May and a decline towards
June. Together with table 4.1, which includes the corresponding percentiles for the
humidity, it is visible that the aerosols from May differ from the ones of the summer
season, i.e. July. The hypothesis of Arctic haze pollution in May is stressed.
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B. Comparison of noise in extinction for
different height intervals

Figure B.1.: The extinction values of each measurement day from April 2021 to July 2021 are
displayed for the three different height intervals 0.7 − 2.5 km, 2.5 − 4.5 km and
4.5 − 6.5 km. The range of values is significantly higher and also takes strongly
negative values for the upper two intervals. The fluctuation is too high above
2.5 km. Therefore these extinction values are not evaluated further.
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C. Seasonal trends of hygroscopic growth
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Figure C.1.: The scatter plot illustrates all time steps from April 2021 to July 2021, that pass
the cloud filter. The backscatter is plotted against the relative humidity over water
(a) and over ice (b), respectively. The color map is time depend. Measurements
from 0.7 − 10 km are shown. It is important to consider the order of plotting the
data points. All time steps of one height step were plotted before going to the
next height. So data points of lower heights might be covered. April seems to
be the most dry, or other data points are covered. In May it is likely that high
backscatter values occur parallel to enhanced humidity.
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D. Temperature profile of the 15th of May
2021
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Figure D.1.: The temperature profile of the radiosonde measurement from the 15th of May 2021
at 10:46:10 UTC is displayed. Above approximately 6 km the temperature is lower
than −35◦C. It is assumed that below −35 ◦C only the relative humidity over
ice is relevant. Due to the rarity of INP, above −35 ◦C is then only the relative
humidity over water to be observed.
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E. Temperature profile of the 31st of July
2021
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Figure E.1.: The temperature profile of the radiosonde measurement from the 31st of July
2021 at 10:49:03 UTC is displayed. At position of the lower cloud, meaning from
3.0 − 3.9 km, the temperature amounts to 259K− 266K. The intermediate cloud
has temperatures of above 247K. No ice cloud is expected for these temperatures.
The temperature at position of the upper cloud is low enough. Therefore, the
hypothesis of an ice cloud is stressed.
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