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Abstract
Arctic amplification, the rapid warming of the Arctic compared to the global average, re-
mains partially understood. Key processes include temperature feedback, surface albedo
feedback, and cloud and water vapor feedback, with aerosols playing a critical role. Since
2019, a Fourier-Transform Infrared Spectrometer (FTS) at the AWIPEV research base in Ny-
Ålesund, Spitsbergen, has been used to measure aerosol components. An algorithm based
on the Line-by-Line Radiative Transfer Model and DIScrete Ordinate Radiative Transfer
model (LBLDIS) was developed for retrieving aerosol composition.

In order to show this measurement technique in details, a case study for an aerosol-only
case is presented with data from the 10th of June 2020. In the aerosol-only case, the retrieval
results show that sulfate (τ900cm−1=0.007 ± 0.0027) is the dominant aerosol during the whole
day, followed by dust (τ900cm−1=0.0039 ± 0.0029) and black carbon (τ900cm−1=0.0017 ± 0.0007).
Sea salt (τ900cm−1=0.0012 ± 0.0002), which has the weakest emission ability in the infrared
waveband, shows the lowest AOD value. Such proportions of sulfate, dust and BC also
show good agreement with MERRA-2 reanalysis data. Additionally, the comparison with a
sun-photometer (AERONET) shows the daily variation of aerosol AOD retrieved from FTS
to be similar with that of the sun-photometer. Based on this retrieval method, long time
period observations dataset using FTS is retrieved and presented in this study.

Based on the observed data, the infrared radiation effects of different aerosol compo-
sition are analyzed. The results show that the hygroscopic aerosols, such as sea salt and
sulfate, have a warming effect in the Arctic during winter. These aerosols absorb atmo-
spheric water vapor, leading to wet growth, increased size, and enhanced longwave down-
ward radiation emission, defined as the Aerosol Infrared Radiation Effect (ARE). Observa-
tions of aerosols, especially their composition, are challenging during the Arctic winter. We
use an emission Fourier Transform Spectrometer to measure aerosol composition. Observa-
tions show that the ARE of dry aerosols is limited to about 1.45 ± 2.00 Wm−2. Wet growth
significantly increases the ARE of aerosols. During winter, at relative humidity levels be-
tween 60% and 80%, wet aerosols exhibit the ARE approximately 10 times greater than dry
aerosols. When relative humidity exceeds 80%, the effect can be up to 50 times higher (30
- 100 Wm−2). Sea salt aerosols in Ny-Ålesund demonstrate high effect values, while non-
hygroscopic aerosols like black carbon and dust show consistently low values. Reanalysis
data indicates increased water vapor and sea salt aerosol optical depth in Ny-Ålesund after
2000, correlating with significant positive temperature anomalies in this area. Besides, wet
aerosols can remain activated even in dry environments, continuously contributing high ef-
fects, thereby expanding the area affected by aerosol-induced warming. This warming effect
may exacerbate Arctic warming, acting as a positive feedback mechanism.

Additionally, the rapid Arctic warming, which is occurring faster than in other regions,
leads to a meandering atmospheric circulation pattern. Recently, a new pathway for African
dust transport to the Arctic has been identified. This study provides a detailed description
of the Rapid Pathway (RP) and investigates the temporal variation of African dust influx
into the Arctic via this route. Using GEOS-Chem model simulations, we demonstrate the
RP’s enhanced efficiency in accelerating African dust transport to the Arctic within approx-
imately one week, compared to other pathways. Our analysis reveals a significant shift in
African dust transport routes after 2000, with a marked increase in dust transport through
the central North Atlantic (RP region), particularly in March and April. ERA5 wind field
data reveal significant positive anomalies in poleward winds over the North Atlantic in
March and April after 2000, facilitating northward dust transport via the RP region. In con-
trast, negative wind anomalies over Europe suggest a diminished role for the European
pathway in Arctic dust transport.
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Chapter 1

Introduction

Global warming, a consequence of climate change driven by human activities such
as burning fossil fuels and deforestation, has profound impacts on various regions
worldwide, including the Arctic. The Arctic, being particularly sensitive to climate
change, experiences amplified warming compared to other parts of the Earth. This
phenomenon is known as Arctic Amplification (Wendisch et al., 2017). To unravel
the causes and impacts of rapid Arctic warming, numerous studies have concen-
trated on key processes driving Arctic amplification. These include temperature
feedback mechanisms (Bony et al., 2006; Soden and Held, 2006), surface albedo feed-
back (Graversen, Langen, and Mauritsen, 2014), and the roles of cloud and water
vapor feedback in the Arctic (Taylor et al., 2013; Philipp, Stengel, and Ahrens, 2020).
As a result, the Arctic experiences unprecedented changes, including diminishing
sea ice extent, thawing permafrost, and altering ecosystems. These changes not only
affect the regional biodiversity and indigenous communities but also have global im-
plications, such as rising sea levels and increasing extreme weather events (Hansen
et al., 2014; Walsh et al., 2020). Aerosols have a significant impact on the climate sys-
tem. They can influence cloud formation, alter precipitation patterns, and affect re-
gional and global climate by modifying the energy budget of the atmosphere. Their
role in cloud nucleation and modification affects cloud properties, such as lifespan
and reflectivity, further influencing the Earth’s energy balance.

Understanding aerosol radiative properties is crucial for climate scientists and
policymakers as aerosols can either exacerbate or mitigate the effects of global warm-
ing. Accurate modeling and measurement of aerosol properties and their interac-
tions with radiation are essential to better comprehend their impact on climate and
to formulate effective strategies for mitigating climate change. Therefore, in this
study, we will focus on the climatic effects of aerosols in the Arctic, including a new
method of aerosol composition measurement, aerosol infrared radiation, and a new
pathway for aerosol transport to the Arctic.

1.1 Climate Changes in the Arctic

The Arctic region is experiencing profound and rapid changes due to climate change
(Barber et al., 2008; Wendisch et al., 2017; Box et al., 2019; Vincent, 2020). These
changes involve all aspects of the environment, and some of the major climate changes
observed in the Arctic include:
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• Increasing temperatures: The Arctic is warming at about twice the global av-
erage rate (Serreze and Barry, 2011; Wendisch et al., 2017; Previdi, Smith, and
Polvani, 2021). This rapid warming is causing widespread melting of glaciers,
ice caps and permafrost throughout the region.

• Declining sea ice: The extent and thickness of Arctic sea ice has declined dra-
matically over the past several decades (Wang et al., 2020). The minimum
extent of summer sea ice has reached an all-time low (Gascard, Zhang, and
Rafizadeh, 2019).

• Permafrost thawing: Permafrost is thawing in the Arctic due to warming tem-
peratures (Barber et al., 2008). Thawing permafrost has a wide range of im-
pacts, including release of stored greenhouse gases (methane and carbon diox-
ide) (Knoblauch et al., 2018).

• Changes in ecosystems: A warming climate is altering Arctic ecosystems, af-
fecting vegetation patterns, animal habitats, and migration routes (Descamps
et al., 2017).

1.2 The significance of aerosols to climate

Aerosols play an important role in influencing the Earth’s climate by interacting with
radiation, clouds, and atmospheric processes. The impact of aerosols on climate can
be either cooling or warming, depending on the different characteristics, composi-
tion, and concentration of aerosols. Different aerosols have different effects on the
atmosphere, which include:

1. Direct radiative effects: Aerosols interact directly with solar and terrestrial ra-
diation. Some aerosols scatter incoming solar radiation back into space, con-
tributing to cooling by reflecting sunlight away from the Earth’s surface. Con-
versely, some aerosols (e.g., black carbon) absorb sunlight, causing localized
warming.

2. Indirect effects on clouds: Aerosols can act as cloud condensation nuclei (CCN)
or ice nuclei (IN), forming cloud droplets or ice crystals. (1) An increased
amount of aerosols may increase the cloud condensation nuclei (CCN) num-
ber concentration and lead to more, but smaller, cloud droplets for fixed liquid
water content. This increases the albedo of the cloud, resulting in enhanced re-
flection and a cooling effect, termed the cloud albedo effect (Twomey, 1977). (2)
Smaller drops require longer growth times to reach sizes at which they easily
fall as precipitation. This effect, called the cloud lifetime effect, may enhance
the cloud cover and thus impose an additional cooling effect (Albrecht, 1989).

3. Semi-direct aerosol effect: Absorbing aerosols also have the potential to mod-
ify cloud properties, without directly acting as CCN and IN, by (1) heating the
air surrounding them while reducing the amount of solar radiation reaching
the ground, which stabilizes the atmosphere and diminishes the convection
and thus the potential for cloud formation, (2) increasing the atmospheric tem-
perature, which reduces the relative humidity, inhibits cloud formation, and
enhances evaporation of existing clouds.



1.3. Challenges in Aerosol Composition Observations 3

Aerosols are short-lived, from several days to several weeks depending on spa-
tial distributions. They may have different effects on different regions. Aerosols can
have a significant impact on climate patterns by influencing atmospheric circulation,
precipitation, and temperature distributions. This is due to the complex interactions
between aerosols and the climate system, such as influencing the surface energy
balance, altering atmospheric stability, and affecting precipitation processes. These
interactions add to the complexity of the Earth’s climate system.

Understanding the role of aerosols in climate is essential for accurate modeling
and prediction of future climate change. However, the exact extent of aerosol im-
pacts on climate remains uncertain due to the diversity of aerosol types, complex
interactions with clouds, and the challenge of quantifying aerosol properties and
distribution. Therefore, there is a need for improved observations, advanced mod-
eling techniques, and continued research to better characterize aerosol properties,
sources, transportation, and their impacts on the Arctic and global climate.

1.3 Challenges in Aerosol Composition Observations

Currently, the main parameter for aerosol observation is the aerosol optical depth
(AOD). It is an important parameter to quantify the amount of aerosols in the at-
mosphere and to provide information about aerosol concentrations and their effect
on light attenuation. The main modes of observation of aerosol optical depth are
ground-based measurements (e.g., solar photometry, AERONET; LiDAR), satellite
measurements (e.g., MODIS, MISR, and CALIOP), and airborne measurements.

Satellite instruments can provide measurements of large areas but are not very
suitable in the Arctic due to the frequent existence of clouds and snow/ice on the sur-
face, which make the measurements challenging (Lee et al., 2021). The in-situ mea-
surements provide much more accurate measurements but are often limited to the
planetary boundary layer, have limited coverage, and are sparse in time. Ground-
based remote sensing provides measurements with a similar measurement geometry
to satellites which are not confined to a particular altitude, unlike in-situ measure-
ments. They provide time series measurements from the surface and have a similar
viewing geometry as the satellite.

Measurements of aerosols in the Arctic face several challenges due to the unique
environmental conditions and characteristics of the region:

• Cloud cover: The Arctic is often covered by clouds, especially during certain
seasons. Clouds can obstruct satellite observations, limiting the availability of
cloud-free data needed for accurate aerosol retrievals. This hinders the consis-
tency and frequency of satellite aerosol measurements.

• Polar night: Optical measurements (e.g., solar photometers) that rely on solar
radiation are limited during the polar night (winter).

• Surface reflectance and Brightness: The ice and snow cover prevalent in the
Arctic is highly reflective at all wavelengths, making it difficult to distinguish
between surface reflectance and aerosol signals. Complex algorithms and data
processing techniques are required to obtain accurate aerosol characterization
in bright surfaces.

• Low solar angle: Near the poles, the sunlight strikes the Earth’s surface at a
low solar angle. It affects the accuracy of aerosol retrievals because it affects the
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interaction of light with aerosols, which affects the signal observed by satellite
sensors.

1.4 Scientific Motivations

Aerosol influences the Arctic climate by aerosol-cloud interactions (Fan et al., 2016)
and aerosol-surface interactions (Donth et al., 2020). For example, Black Carbon (BC)
deposits on snow and ice, lowering the surface albedo (Ming et al., 2009; Bond et al.,
2013) and thus warming the surface. Dust aerosols, when present in layers over high
albedo surfaces and/or deposited to the snow, will warm the atmosphere (Krinner,
Boucher, and Balkanski, 2006). Sulfate aerosols, organic matter, and sea salt cool
the Arctic by scattering light back to space and by modifying the micro-physics of
liquid clouds (Schmeisser et al., 2018). Besides, dust, ammonium sulfate and sea
salt increase the cloud albedo by increasing ice crystal concentrations (Wagner et al.,
2018).

In recent decades, mainly in-situ measurements of aerosols were performed in
the Arctic. Most reports show that the aerosol composition is changing. Koch et al.
(2011) and Ren et al. (2020) found that sulfate and BC are decreasing compared to
the last century. Several projects in (AC)3 (ArctiC Amplification: Climate relevant
Atmospheric and surfaCe processes and feedback mechanisms) also focus on BC
concentration measurements (Kodros et al., 2018; Zanatta et al., 2018) and reveal the
annual cycle of BC in the Arctic, higher in spring and lower in early summer (Schulz
et al., 2019). Shaw (1995), Francis et al. (2018), Francis et al. (2019) found that dust
can be transported over long distances into the Arctic and plays an important role in
Arctic haze. In recent years, the area of open water in the Arctic has become larger,
and the sea surface temperature has increased. This leads to a local increase in the
emission of sea salt (Domine et al., 2004; Struthers et al., 2011; May et al., 2016). Thus,
during the Arctic Amplification, the aerosol composition in the Arctic also changes.

Hence, a combination of different measurement methods is necessary to provide
a complete picture of aerosols in the Arctic. For aerosol composition measurement,
the Fourier Transform spectrometer (FTS) is a possible instrument. A FTS (NYAEM-
FTS) for measuring down-welling emission in the thermal infrared was installed in
Ny-Ålesund (79 ◦N, 12 ◦E) in summer 2019. In this study, we want to answer three
main scientific motivations:

1. Develop measurement and retrieval techniques to retrieve aerosol composition
information.

2. If water is uptaken, how much do the differences in aerosol composition affect
the infrared radiation effects?

3. Will aerosol transport pathways to the Arctic change with climate change?

1.5 Outline

The main results of this thesis are divided into three parts. The first part covers the
algorithm for aerosol composition retrieval using FTS, which has been published (Ji
et al., 2023) and is detailed in Chapter 3 and 4 (Methods in Sec.3.3, and results in
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Sec.4.1). The second part addresses the infrared radiation effects of aerosols when
water is uptaken, submitted to "Atmospheric Chemistry and Physics", with main
content also in Chapters 3 and 4 (Methods in Sec.3.5, and results in Sec.4.2). The
final part discusses new rapid pathway for aerosol transport to the Arctic, currently
being prepared for publication, and is presented in Chapters 3 and 4 (Methods in
Sec.3.6, and results in Sec.4.3).

In summary, Chapter 2 gives the background knowledge of the research in this
study. Chapter 3 presents the methodology as well as the data used in the study.
Chapter 4 gives the main results and analysis. A summary and outlook of this study
is provided in the last chapter.
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Chapter 2

Scientific background

The main purpose of this chapter is to introduce background knowledge on the
study of Arctic aerosols. In the first section, we introduce the global atmospheric
circulation system, including the Hadley, Ferrell, and polar cells. Polar climates are
an important part of the global climate, and in the Sec.2.2 we describe polar climate
systems, such as the Arctic dome, polar vortex and polar jet stream. The main focus
of this study is on polar aerosols. The commonly mentioned physical and chemi-
cal characteristics of atmospheric aerosols are given in Sec.2.3. Atmospheric aerosol
compositions are complex and variable, and their respective climatic characteristics
should not be the same, and the climatic characteristics of different aerosol composi-
tions are given in Sec.2.4. Finally, the radiative properties of aerosols and the radia-
tive transfer models and Mie scattering codes required for the study are presented.

2.1 Atmospheric Circulation

Atmospheric circulation refers to the large-scale movement of air around the Earth,
driven by the unequal heating of the planet’s surface by the sun. This global circu-
lation pattern plays an important role in redistributing heat, moisture, and energy
across the atmosphere, influencing weather patterns, climate, and the Earth’s over-
all climate system (Stevenson, 2019). Key components and processes of atmospheric
circulation include:

1. Solar Radiation: The sun heats the Earth unevenly due to variations in the
angle of sunlight striking different parts of the globe(Lang, 2013). The equator
receives more direct sunlight, leading to warmer temperatures, while the poles
receive less direct sunlight, resulting in cooler temperatures.

2. Hadley Cells (Hadley, 1735), Ferrel Cells (Fairbridge, 2005), and Polar Cells:
these are the three primary cells that form the basis of the global atmospheric
circulation. Warm air rises near the equator in the form of moist air, creating
low-pressure regions. As this air moves towards the poles, it cools and sinks,
creating high-pressure regions.

3. Trade Winds and Westerlies: surface winds are influenced by the atmospheric
circulation cells, resulting in distinct wind patterns. Trade winds blow towards
the equator from the northeast in the Northern Hemisphere and the southeast
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in the Southern Hemisphere. Westerlies, found between 30 and 60 degrees
latitude, blow from the west to the east.

4. Jet Streams: these high-altitude, fast-flowing air currents in the upper atmo-
sphere influence weather patterns and the movement of storms. The polar and
subtropical jet streams are meandering rivers of air that encircle the globe at
high altitudes, affecting weather systems and air travel routes (Rodda, Har-
lander, and Vincze, 2022).

5. Coriolis Effect: the rotation of the Earth causes moving air masses to be de-
flected to the right in the Northern Hemisphere and the left in the Southern
Hemisphere. This effect influences the direction of winds and the formation of
large-scale wind patterns (Graney, 2011).

Figure 2.1 presents the atmospheric circulation cells and global wind systems. In
the Arctic, the troposphere is in the sinking branch of the polar cell, thus generating
polar high pressure, or "Arctic dome" as it will be described later in Section 2.2.1. At
the top of the convection process, this corresponds to the region of convergence of
the air currents, or polar vortex, as it will be described later in Section 2.2.2. From the
meridian profile of circulation (Fig.2.1 right), there is a layer of higher wind speeds
near the height of the polar front, a region we call the Arctic Jet Streams. These
basic atmospheric circulations are important background information for the study
of polar climate.

FIGURE 2.1: (left) Atmospheric circulation cells and global
wind-systems. Source: https://upload.wikimedia.org/
wikipedia/commons/c/cd/AtmosphCirc2.png; (right)
Cross section of the subtropical and polar jet streams
by latitude. Source: http://www.srh.noaa.gov/ jet-

stream//global/images/jetstream3.jpg.

2.2 Arctic Atmospheric Circulation

2.2.1 Arctic Dome

The term "polar dome" in Earth sciences refers to a specific atmospheric phenomenon
found in polar regions like the Arctic (Bozem et al., 2019) and the Antarctic. These
polar regions experience high-pressure systems or dome-shaped regions of elevated
atmospheric pressure. Polar domes are a result of radiative cooling during polar
winter nights. As surface temperatures drop, they cool the nearby air, creating high-
pressure systems. These stable atmospheric conditions limit cloud formation. Polar
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domes are associated with extreme cold air and are significant in studies of polar
climate, weather, and atmospheric dynamics.

2.2.2 Polar Vortex

The polar vortex is a large area of cold air and low pressure that surrounds the
Earth’s poles (Read, 2011). Although it always remains near the poles, it weakens in
the summer and strengthens in the winter. The term refers to the counterclockwise
flow of air that helps keep cold air contained around the poles and manifests itself in
two distinct phenomena: the stratospheric polar vortex and the tropospheric polar
vortex.

The stratospheric polar vortex is a high-speed cyclone with an altitude range of
about 15 to 50 kilometers. The intensity of the polar vortex reaches its peak in winter,
and it is formed in autumn when temperatures in the Arctic drop rapidly at the onset
of the polar night. The increased temperature difference between the polar regions
and the tropics fuels strong winds, and the Coriolis effect induces whirlpools. A
sudden stratospheric warming (SSW) is an event that occurs when the stratospheric
vortex breaks down during winter/spring.

The tropospheric polar vortex is usually defined as a region outside the tropo-
spheric jet stream, from the surface to an altitude of about 10 to 15 kilometers, in
the 40°N to 50°N region. Unlike the stratospheric vortex, the tropospheric vortex
persists throughout the year. However, similar to the stratospheric vortex, the tro-
pospheric vortex reaches its maximum intensity in the extreme cold of winter.

2.2.3 Arctic Jet Stream

The definition of the jet stream is given in Section. 2.1. One factor that contributes to
the creation of a concentrated polar jet is the undercutting of sub-tropical air masses
by the dense polar air masses at the polar front. In the free troposphere, the lack
of friction leaves the air free to respond to the steep pressure gradient over the
poles. This creates a planetary wind circulation with a strong Coriolis deflection,
and can therefore be considered "quasi-geostrophic" (Fandry and Leslie, 1984). The
polar frontal jet stream is closely related to the process of frontal formation in the
mid-latitudes since the acceleration/deceleration of the jet stream gives rise to low-
pressure/high-pressure zones, respectively, which lead to the formation of cyclones
and anticyclones along the polar fronts in a relatively narrow region.

The polar vortex and polar jet stream are interconnected components of the po-
lar atmospheric circulation and they influence each other’s behavior. When the
stratospheric polar vortex weakens or becomes disrupted (as in the case of Sudden
Stratospheric Warming events), it can lead to changes in the jet stream’s behavior
(Dimdore-Miles et al., 2022; Lim et al., 2021; Lee, Polvani, and Guan, 2022). A weak-
ened stratospheric polar vortex can allow colder air to move southward, altering the
temperature contrast between polar and mid-latitude regions and influencing the
strength and position of the polar jet stream.

Both the polar vortex and polar jet stream are integral parts of the larger atmo-
spheric circulation system. Changes in one component can influence another com-
ponent in the atmosphere, affecting weather patterns and atmospheric dynamics not
only in the polar regions but also in mid-latitude regions.
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Additionally, seasonal changes and weather patterns can influence the interac-
tions between the polar vortex and polar jet stream, as shown in Fig.2.2. When the
Arctic polar vortex is especially strong and stable (left globe), it encourages the polar
jet stream, down in the troposphere, to shift northward. The coldest polar air stays
in the Arctic. When the vortex weakens, shifts, or splits (right globe), the polar jet
stream often becomes extremely wavy, allowing warm air to flood into the Arctic
and polar air to sink down into the mid-latitudes.

In summary, while the polar vortex and polar jet stream exist at different al-
titudes within the atmosphere, they are interconnected components of the Earth’s
circulation system. Changes in one system can impact the behavior of another one,
influencing weather patterns, air mass movements, and temperature distributions in
the polar regions and further in mid-latitude regions. Understanding their interac-
tions is crucial for the study of climate change and comprehending broader climate
dynamics on a regional and global scale.

FIGURE 2.2: The schematic diagram of Polar vortex and po-
lar jet stream under two different situations. NOAA Cli-
mate.gov graphic, adapted from original by NOAA.gov. Fig-
ure from:https://www.climate.gov/news-features/understanding-

climate/understanding-arctic-polar-vortex

2.2.4 Sudden Stratospheric Warming

Sudden stratospheric warming (SSW) events are rapid and dramatic temperature
increases (up to increases of about 50 ◦C) in the stratosphere, occurring primarily
during the winter months in the polar regions (Butler et al., 2017). These events
are characterized by a reversal of the typical westerly winds in the stratosphere to
easterly winds. SSW events can have significant impacts on weather patterns in the
troposphere, including disruptions to the polar vortex and changes in the strength
and position of the jet stream (Charlton and Polvani, 2007).

During a typical northern hemisphere winter, multiple minor warming events
take place, with a major event occurring approximately every two years. One fac-
tor contributing to major stratospheric warmings in the Northern hemisphere is the
influence of orography and temperature contrasts between land and sea, which gen-
erate long Rossby waves (with wavenumbers of 1 or 2) in the troposphere. These
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waves propagate upwards into the stratosphere and dissipate there, leading to a de-
celeration of the westerly winds and causing warming in the Arctic (Eliassen, 1961).

SSW events are often associated with changes in the structure and dynamics of
the polar vortex, a large-scale circulation pattern centered near the poles. During
an SSW event, the polar vortex can weaken or split, leading to disruptions in the
circulation of cold polar air. The easterly winds progress down through the atmo-
sphere, often leading to a weakening of the tropospheric westerly winds, resulting
in dramatic reductions in temperature in Northern Europe (King et al., 2019).

2.2.5 North Atlantic Oscillation

The North Atlantic Oscillation (NAO) Index is a measure of the atmospheric pres-
sure difference between the Icelandic Low and the Azores High in the North Atlantic
Ocean (Hurrell et al., 2003). It is a prominent climatic phenomenon that significantly
influences weather patterns in the North Atlantic region and beyond. The NAO
Index is characterized by two phases: positive and negative, as shwon in Fig.2.3.

During the positive phase, there is a stronger pressure gradient between the Ice-
landic Low and the Azores High, resulting in stronger westerly winds across the
North Atlantic. This typically leads to milder and wetter conditions in northern
Europe and cooler conditions in southern Europe. Conversely, during the negative
phase, the pressure gradient weakens, leading to weaker westerly winds and al-
tered weather patterns across the North Atlantic region. The NAO Index plays a
crucial role in modulating weather extremes, such as storms, heatwaves, and cold
outbreaks, particularly in Europe and North America (Ning and Bradley, 2015; Fran-
cis and Skific, 2015; Vavrus et al., 2017).

FIGURE 2.3: Positive and negative phases of the NAO( Source In-
stitue of Geography, Berny, 2017, Figure from Hosseini, Kashki, and

Karami (2022)
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2.3 Atmospheric Aerosol

Aerosol is defined as a suspension system of solid or liquid particles in the atmo-
sphere (Hinds and Zhu, 2022). The size of aerosol particles is usually between 0.01
and 10 µm (Mészáros and Vissy, 1974; Hussein et al., 2004; Gralton et al., 2011). Me-
teorologists usually refer them as particle matter - PM2.5 or PM10, depending on
their size (Hartog et al., 2005; Pateraki et al., 2012). Aerosols in the atmosphere have
several important environmental effects. They effect climate both directly (by scat-
tering and absorbing radiation) (Rap et al., 2013; Yu and Huang, 2023) and indirectly
(by serving as nuclei for cloud formation) (Lohmann and Feichter, 2005; Haywood
and Boucher, 2000).

In the Arctic, aerosol events first attracted people’s attention due to the phe-
nomenon named "Arctic haze". Arctic haze was first noticed in 1750 at the begin-
ning of the Industrial Revolution (Candelone et al., 1995). Smog is seasonal depen-
dence, peaking in late winter and spring. In 1972, Glenn Edmond Shaw attributed
the smog to trans-boundary anthropogenic pollution, with the Arctic receiving pol-
lutants from sources several thousand miles away.

2.3.1 Sources and Sinks of Aerosols

Atmospheric aerosols originate from the condensation of gases and the wind on
the Earth’s surface. According to the aerodynamic diameter, it can be divided into
TSP, PM10 and PM2.5 which refers to particles with aerodynamic diameter <= 100
mm, 10 mm and 2.5 mm, respectively. Aerosols come from a variety of sources, as
presented in Fig.2.4. The majority of particles are generated from surface emissions.
Primary aerosols are directly emitted (Tomasi and Lupi, 2017), with smaller ones
forming as hot gases rapidly condense into particles before exiting smokestacks or
tailpipes. Secondary aerosols result from gaseous emissions chemically converting
into aerosol particles, some becoming cloud condensation nuclei (CCN) (Sun and
Ariya, 2006; Tomasi and Lupi, 2017).

Aerosol originates from both natural and anthropogenic sources. Natural sources
include sea spray, volcanoes, forests, forest fires, and the conversion of naturally
occurring gases like sulfur dioxide (SO2) and some Volatile organic compounds
(VOCs). Anthropogenic sources includes industry, power plants, agricultural burn-
ing, transportation, and conversion of anthropogenic gases like SO2and various other
emissions.

Aerosols are removed from the atmosphere through dry and wet deposition. Dry
deposition is the settlement of particulate matter by gravity or by collision with an
object. Two mechanisms govern dry deposition: one involves particle settlement
due to gravity onto surfaces like soil, water, plants, and buildings. The other mech-
anism involves sub-0.1 µm particles diffusing through Brownian motion and ag-
glomerating into larger particles, either diffusing to the ground or eliminated by
atmospheric turbulence-induced collisions. Dry deposition rate depends on parti-
cle size, density, air movement, and viscosity. Wet deposition, caused by rainfall
or snowfall, eliminates particulate matter through rain-out and wash-out mecha-
nisms. The classification of deposition methods depends on research objectives and
the physical and chemical properties of the aerosols, encompassing six categories:
dust, carbon (black carbon and organic carbon), sulfate, nitrate, ammonium salt,
and sea salt aerosols, where carbon can be subdivided into black carbon and organic
carbon.
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FIGURE 2.4: Sources of Atmospheric Aerosol: forest fires, ex-
tra terrestrial dust, continental aerosol, volcanoes, industry, au-
tos, wind erosion and re-suspension, and gas-to-particle reactions.
Sinks of Atmospheric Aerosol: in-cloud scavenging (nucleation, bor-
nian diffusion, phoresis) and precipitation scavenging (impaction,
brownian diffusion, phoresis). Credit: NOAA, Retrieved from:

https://personal.ems.psu.edu/ lno/Meteo437/Aerosol.jpg

2.3.2 Aerosol Size Distribution

For a single particle, its particle size can be determined. However, for the particle
groups that exist in the atmosphere, due to differences in their generation processes,
the particle sizes are usually distributed within a certain range. As we presented in
Fig.2.5, they are categorized into fine and coarse aerosols, with fine aerosols further
divided into Aitken mode (diameter < 0.1 µm) and accumulation mode (diameter
between 0.1 and 1.0 µm). Therefore, we need aerosol size distribution to describe
the size of aerosols.

The Aitken mode, formed through gas-to-particle conversion, comprises parti-
cles originating from low-volatility vapors condensing onto surfaces, akin to wa-
ter vapor. Coarse mode particles result from mechanical processes and include hy-
drophilic particles that can act as cloud condensation nuclei (CCN) but settle swiftly.

The accumulation mode consists of particles generated through coagulation or
gas accumulation on nucleation particles. These particles neither settle rapidly nor
coagulate, remaining in the atmosphere for weeks, making them effective CCN. Un-
derstanding these modes aids in comprehending how particles form and behave in
the atmosphere.

As mentioned before, particles of different sizes originate from various sources,
creating a size distribution with peaks that reveal insights into their formation. The
diagram (compare 2.5) demonstrates these peaks, indicating higher concentrations
of particles at specific sizes, offering valuable information about their creation.

In theory, the distribution function, n, of particle number concentration changing
with scale can be defined as:
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FIGURE 2.5: Typical aerosol size distributions and their sources
and sinks. Nucleation range particles quickly grow into accumu-
lation range particles, which fall slowly to the ground and stay
a week or two in the atmosphere. The larger particles, called
coarse particles, fall to the ground within hours or sometimes
days. Gas-to-particle conversion means that the particles start
as gases but are converted by reactions to sticky chemicals that
form particles. Credit: W. Brune, Retrieved from: https://www.e-

education.psu.edu/meteo300/node/671

n(Dp) =
dN
dDp

(2.1)

The number of particles in the range of particle size from Dp to Dp + dDp per unit
volume. Therefore, the total number of particles of various scales within the unit
volume is N, that is

N =
∫ ∞

0
n(Dp)d(Dp) (2.2)

Because several aerosol properties depend on the aerosol surface, volume, and mass,
it is often convenient to express the aerosol size distribution in the form of the surface
size distribution (dS/dD = πD2dN/dD) in the approximation of spherical particles,
volume distribution (dV/dD = π

6 D3dN/dD), and mass distribution (dM/dD =
ρdV/dD, where ρ is the aerosol particle density). These represent the distribution of
the surface area, volume, and mass of particles per cm3 of air.

If we focus on the optical properties of aerosols, other size-related parameters
frequently used to describe the aerosol size distribution are the (optical) effective
radius (Re f f ), defined as follows:

Re f f ==

∫
πR3 dN

dDp
dDp∫

πR2 dN
dDp

dDp
(2.3)

2.3.3 Aerosols Wet Growth

In the atmosphere, certain types of dry aerosol particles, e.g. sea salt, and sulfates,
can gradually absorb water vapor (Winkler, 1973). This phenomenon is known as
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aerosol wet growth and is closely linked to an accompanying increase in longwave
downward radiation (LWD) (Mauritsen et al., 2011). Two main factors influence the
additional enhancement in LWD during aerosol wet growth, the aerosol composi-
tion and surrounding humidity (Peng, Chen, and Tang, 2022). Aerosols that possess
the capacity to absorb water vapor are classified as hygroscopic aerosols (Tang and
Munkelwitz, 1993). In the wet growth process, the ambient RH plays a vital role
since it determines the conditions necessary for aerosol wet growth. Specifically, at
a particular RH, the radius of the hygroscopic aerosol increases suddenly, which is
known as the deliquescence point (Tang and Munkelwitz, 1993; Winkler, 1973). This
is a characteristic of the specific hygroscopic aerosol (Onasch et al., 1999; Cziczo and
Abbatt, 1999; Ge, Wexler, and Johnston, 1998; Wise et al., 2007; Cruz and Pandis,
2000; Ansari and Pandis, 1999). In contrast, the transformation of liquid to solid
upon dehydration is called efflorescence (Ma et al., 2021; Estillore et al., 2017).

The ability of aerosols to absorb moisture at different RH is called hygroscopic-
ity. It determines phase transitions (deliquescence and efflorescence) of hygroscopic
compounds at different RHs (Martin, 2000; Lillard et al., 2009a). A diagram depict-
ing the relationship between salt-water-content relative humidity is given in Fig.2.6.
For a given compound, there are differences in the RH values corresponding to the
deliquescence and efflorescence points. For example, sodium chloride (NaCl) has
a deliquescence point of approximately 75% and a efflorescence point of approx-
imately 46% (Peng, Chen, and Tang, 2022). This means that once NaCl has been
activated, i.e. the ambient RH is ever above 75%, it will remain a wet particle until
the ambient RH falls below the efflorescence point, i.e. 45%.

FIGURE 2.6: Diagram depicting the relationship between salt water
content, relative humidity, and deliquescence. From Lillard et al.

(2009a)

Additionally, the hygroscopic growth of aerosols changes the optical properties
of aerosols, thus affecting their radiative effects. Therefore, when studying the effect
of aerosol optical properties due to the hygroscopic growth of aerosols, we usually
use empirical equations to express the change of aerosol size with atmospheric water
vapour as follows Zieger et al. (2013) and Petters and Kreidenweis (2007):

rwet(RH)

rdry
=

(
1 + κ

RH
1 − RH

)1/3

(2.4)

where κ is the hygroscopic growth parameter of the particles.
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2.3.4 Aerosol-Cloud Interaction

Aerosol-cloud interaction refers to the complex interplay between aerosols, tiny par-
ticles suspended in the atmosphere, and cloud formation and behavior. Aerosols can
serve as cloud condensation nuclei (CCN) or ice nuclei (IN), providing the surfaces
on which water vapor condenses or ice crystals form, respectively. This interaction
influences cloud properties such as droplet size distribution, cloud albedo, lifetime,
and precipitation patterns.

Wegener–Bergeron–Findeisen (WBF) process

In the Arctic, mixed phase cloud is a kind of clouds that is important for energy bud-
get in the Arctic. Mixed-phase clouds represent a three-phase colloidal system con-
sisting of water vapor, ice particles, and supercooled liquid droplets. When coarse
aerosol particles exist in mixed clouds, there will be a mechanism like the snow re-
moval process of spreading salt on ice/snow covered roads, consuming the ice water
of ice crystals, and growing into small cloud droplets. Here, we start with the satu-
ration vapor pressure over water. The August–Roche–Magnus formula (Alduchov
and Eskridge, 1996) provides a very good approximation in the saturation vapor
pressure over water:

es(T) = 6.1094exp(
17.626T

T + 243.04
) (2.5)

where es is in hPa, and T is in degrees Celsius. The saturation vapor pressure over
ice that most used is given as follows:

es,ice(T) = 6.1121exp(
22.578T

T + 273.86
) (2.6)

Figure 2.7 presents the saturation vapor pressure over liquid water and ice as well as
their difference with temperature. Therefore, when the ambient vapor pressure falls
between the saturation vapor pressure over water and the lower saturation vapor
pressure over ice, the sub-saturated environment for liquid water but a supersatu-
rated environment for ice will result in rapid evaporation of liquid water and rapid
ice crystal growth through vapor deposition. This is so called Wegener-Bergeron-
Findeisen Process (Wegener, 1911; Bergeron, 1935; Findeisen, 1938). Here, the pure
water means that there is no solute in the water. During the Bergeron process, the
relationship between saturation vapor pressure in the ambient atmosphere with that
over pure water and ice can be written as follows:es,ice < eambient < es,purewater.
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FIGURE 2.7: The saturation vapor pressure over pure water (red) and
ice (black) in left, and the difference between water and ice in right.

Köhler theory

When it comes to cloud droplets, saturation vapor pressure over a cloud droplet
changes. Two effects should be considered: the Kelvin effect (Thomson, 1872) and
Raoult’s law (Raoult, 1887; Raoult, 1889). The Kelvin effect describes the change
in vapor pressure due to a curved liquid–vapor interface, such as the surface of a
droplet. The vapor pressure at a convex curved surface is higher than that at a flat
surface. Raoult’s law relates the saturation vapor pressure to the solute. The two
effects are combined, and this is the main point mentioned in the Köhler theory.
Köhler theory describes the process in which water vapor condenses and forms liq-
uid cloud droplets:

ln(
pw(Dp)

p0 ) =
4Mwσw

RTρwDp
− 6ns Mw

πρwD3
p

(2.7)

where pw is the droplet water vapor pressure, p0 is the corresponding saturation
vapor pressure over a flat surface, σw is the droplet surface tension, ρw is the density
of pure water, ns is the moles of solute, Mw is the molecular weight of water, and Dp
is the cloud drop diameter.

The Köhler curve is the visual representation of the Köhler equation. It shows
the supersaturation at which the cloud drop is in equilibrium with the environment
over a range of droplet diameters. The exact shape of the curve is dependent upon
the amount and composition of the solutes present in the atmosphere. The Köhler
curves where the solute is sodium chloride are different from when the solute is
sodium nitrate or ammonium sulfate.

Figure 2.8 shows three Köhler curves of sodium chloride. Consider (for droplets
containing solute with diameter equal to 0.05 micrometers) a point on the graph
where the wet diameter is 0.1 micrometers and the supersaturation is 0.35%. Since
the relative humidity is above 100%, the droplet will grow until it is in thermody-
namic equilibrium. As the droplet grows, it never encounters equilibrium, and thus
grows without bound. However, if the supersaturation is only 0.3%, the drop will
only grow until about 0.5 micrometers. The supersaturation at which the drop will
grow without bound is called the critical supersaturation. The diameter at which the
curve peaks is called the critical diameter.
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FIGURE 2.8: An example of Kohler curves showing how
the critical diameter and supersaturation are dependent
upon the amount of solute. It’s assumed here that the so-
lute is a perfect sphere of sodium chloride. Figure from:

https://commons.wikimedia.org/wiki/File:Kohler_curves.png

2.3.5 Aerosol radiative properties

Aerosols are tiny particles suspended in the Earth’s atmosphere, varying in size,
composition, and origin. These particles play a crucial role in determining the ra-
diative properties of the atmosphere. Aerosols can interact with solar radiation by
scattering and absorbing incoming sunlight, as well as with terrestrial radiation by
absorbing and emitting infrared radiation (Li et al., 2022).

Assuming that atmospheric aerosols are spherical particles, to determine how a
spherical particle interacts with radiation at a specified wavelength, two parameters
must be specified. The first one is the complex index of refraction, n, and the second
one is size parameter. The index of refraction is the ratio of the speed of light in a
vacuum to the speed of light through the material. The index of refraction depends
on wavelength, and consists of a real (nre) and imaginary (nim) component:

n = nre + nim (2.8)

The imaginary component corresponds to absorption and the real component to
scattering.

Scattering of Aerosols

Most light that reaches the human eye is scattered light. Scattering is a physical
process by which particles located in the path of an electromagnetic wave continu-
ously extract energy from the incident wave and re-radiate this energy in all direc-
tions. In the atmosphere, scattering occurs on a wide range of particle sizes, from
gas molecules to aerosols, small water droplets, ice crystals, and large raindrops and
hail. The effect of particle size on scattering can be described by a physical term
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called the size parameter(compare Equ.2.9). For spherical particles, the size param-
eter is defined as the ratio of the particle circumference to the incident wavelength:

x = 2πa/λ (2.9)

When x ≪ 1, it is Rayleigh scattering (Boucher, 1998). When x > 1 or x ≈ 1, it is
Lorenz-Mie scattering (Lorenz, 1890; Mie, 1908).

Aerosols scatter sunlight by redirecting it in different directions. The extent of
scattering depends on the size of the particles and the wavelength of the incoming
radiation. As shown in Fig.2.9, Rayleigh scattering occurs when particle sizes are
much smaller than the wavelength of light; Whereas Mie scattering happens when
the particle size is comparable to the wavelength. The light in Rayleigh scattering is
symmetrical backward and forward, while the light in Mie scattering is essentially
concentrated in the forward direction (the direction of incident light). Therefore, Mie
scattering is characterised by forward scattering.

FIGURE 2.9: Schematic diagram of scattered light in Rayleigh scat-
tering and Mie scattering. Figure from: http://hyperphysics.phy-

astr.gsu.edu/hbase/atmos/blusky.html.

Usually, scattering can be expressed in terms of the scattering efficiency factor,
Qsca, which is defined as the ratio of the scattering cross section, σsca, of a particle to
its geometric cross section,πr2, (Bellouin and Yu, 2022):

Qsca =
σsca

πr2 (2.10)

The scattering cross section,σsca, is the probability of scattering of radiation at a given
wavelength is measured. It gives us an intuitive sense of how much area is blocked
out by the target during a scattering event.

When a beam of light is blocked by aerosols in the atmosphere, it is scattered
in all directions, and the scattering cross-section gives an indication of how much
energy will be scattered. Then we need to know how the scattered light will be
distributed in all directions. To describe the angular distribution of the scattered
energy, the phase function is defined in radiative transfer theory::

∫ 2π

0

∫ 1

−1
P(Θ)dcos(Θ)dϕ = 4π (2.11)

where Θ is the scattering angle, the angle between the direction of scattered light
and the direction of incident light; ϕ is the azimuth angle. The phase function of
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Rayleigh scattering is given by:

PRayleigh(Θ) =
3
4
(1 + cos2Θ) (2.12)

While the phase function of Mie scattering is determined by the size parameter,
which is often given by numerical calculation.

Absorption of Aerosols

Aerosols can absorb solar radiation, which heats the ambient atmosphere. As we
mentioned in Equ.2.8, the imaginary part of the refractive index means the absorp-
tion of aerosol. This absorption varies based on the composition of the aerosol parti-
cles. For instance, black carbon aerosols tend to absorb sunlight strongly, contribut-
ing to atmospheric warming, while other aerosol types may absorb less. Similar with
the scattering efficiency, the absorption efficiency can be given as follow:

Qabs =
σabs

πr2 (2.13)

where σabs is the absorption cross section. Then the extinction of radiation is the sum
of the absorption and scattering:

Qext = Qsca + Qabs

σext = σsca + σabs
(2.14)

2.4 Climatic effects of Arctic Aerosols

2.4.1 Radiative Forcing of Aerosols

The net effect of aerosols on the Earth’s energy balance is described as radiative forc-
ing, as shown in Fig.2.10. It is the difference between the incoming solar radiation
absorbed by the Earth and the outgoing longwave radiation emitted by the Earth
and its atmosphere. Aerosols can cause both positive and negative radiative forc-
ing, depending on their properties and interactions with radiation. Besides, aerosols
have the biggest uncertainty in Fig.2.10a, which motivates us to do more detailed
observations of aerosol composition and radiative effects.
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FIGURE 2.10: Contribution to effective radiative forcing (ERF) (a)
and global mean surface air temperature (GSAT) change (b) from
component emissions between 1750 to 2019 based on CMIP6 models
(Thornhill et al., 2021). From IPCC (Climate Change (IPCC), 2023),
download from: https://www.ipcc.ch/report/ar6/wg1/ down-

loads/figures/IPCC_AR6_WGI_Figure_6_12.png.

2.4.2 Effects of Aerosol composition in The Arctic

Different types of aerosols have varied effects on the Arctic climate due to their dis-
tinct properties and interactions with the environment. Here’s an overview of the
climate effects of sea salt, sulfate, dust, and black carbon aerosols in the Arctic:

Sea Salt

Sea salt aerosols are primarily generated by the breaking of waves over the ocean
surface (Lewis and Schwartz, 2004). In the arctic, the source of sea salt can also come
from blowing snow (Frey et al., 2020) and frost flowers (Xu, Russell, and Burrows,
2016) . Usually, they have a cooling effect on the climate due to their ability to in-
crease the number of cloud condensation nuclei (CCN) (Horowitz et al., 2020). In
the Arctic, a recently study shows that the sea salt aerosol increases the longwave
emissivity of clouds, leading to a calculated surface warming of +2.30 Wm−2 under
cloudy sky conditions (Gong et al., 2023).

Sulfate

Sulfate aerosols are primarily formed from sulfur dioxide (SO2) emissions, often
originating from industrial activities (Hand et al., 2012) and volcanic eruptions (Du-
rant, Bonadonna, and Horwell, 2010). Sulphate aerosols can also come from the
oxidation of marine dimethyl sulfide (DMS) (Fung et al., 2022). Generally, they have
a cooling effect on the climate by increasing the reflectivity of clouds (albedo effect
(Frey, Bender, and Svensson, 2017)) and by directly scattering incoming solar radia-
tion (Kim et al., 2014). A recent model simulation in the Arctic showed that due to
sea-ice melting, the simulated aerosol nucleation rate is higher, resulting in an over-
all increase in cloud droplet number concentration and a large increase in negative
cloud radiative forcing. Thus, potential future reductions in sea ice area may lead
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to increased cloud albedo and thus negative climate feedbacks on Arctic radiative
forcing associated with oceanic DMS emissions (Mahmood et al., 2019).

Dust

Dust aerosols are predominantly generated from natural sources like desert regions
and soil disturbances (Kok et al., 2021). Their impact on climate varies, as they can
have both warming and cooling effects. Dust particles have a direct warming effect
by absorbing solar radiation (Groot Zwaaftink et al., 2016a). However, they also
contribute to cloud formation, potentially leading to a cooling effect depending on
the type of clouds formed and their properties (Yin et al., 2002; Koehler et al., 2010).
Dust aerosols transported to the Arctic from other regions can affect snow and ice
albedo (Stone et al., 2007), contributing to localized warming when they settle on
reflective surfaces.

Black Carbon

Black carbon (BC) aerosols are fine particles produced by incomplete combustion of
fossil fuels, biomass, and biofuels. They have a significant warming effect on the cli-
mate by absorbing sunlight. When deposited on snow or ice surfaces, black carbon
reduces surface albedo (Ming et al., 2009; Bond et al., 2013), leading to accelerated
melting. Black carbon is considered one of the major contributors to Arctic warming,
especially when deposited on snow and ice. Its presence contributes to the amplifi-
cation of Arctic warming by accelerating the melting of ice and snow cover.

Each type of aerosol in the Arctic has a unique influence on the local climate, and
their combined effects contribute to the complex and changing Arctic environment.
Understanding these effects is crucial for assessing the overall impact of aerosols on
Arctic climate dynamics.

2.5 Radiative Transfer Model

2.5.1 Radiative transfer theory

A beam of radiation traveling through a medium will be attenuated by its interaction
with matters in this medium. If the radiation intensity Iλ changes to Iλ + dIλ after
passing through ds thickness in its propagation direction, then there is:

dIλ = −kλρIλds (2.15)

where ρ means the density of the medium, kλ means mass extinction cross section
(cm2·g−1), λ means the wavelength of the radiation. On the other hand, the intensity
of radiation can also be enhanced by emission from the medium at the same wave-
length as well as by multiple scattering. Therefore, we define the source function
coefficient jλ so that the intensity increase due to emission and multiple scattering
is:

dIλ = +jλρds (2.16)
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where jλ has the similar meaning with kλ in physics. Combining the above two
equations, we get

dIλ = −kλρIλds + jλρds (2.17)

Beer-Bouguer-Lambert Law

If atmospheric emission and multiple scattered radiation are neglected, then the
equation can be simplified to:

dIλ

kλρIλds
= −Iλ (2.18)

Let the incident intensity at s = 0 be Iλ(0). After passing through the separation
distance s1, the emergent intensity can be obtained by integrating:

Iλ(s1) = Iλ(0)exp(−
∫ s1

0
kλρds) (2.19)

Assuming that the medium is uniform, kλ does not change with s. Therefore, define
the path length:

u =
∫ s1

0
ρds) (2.20)

Then, Equ.2.18 can be written as:

Jλ = Bλ(T) (2.21)

This is so-called Beer-Bouguer-Lambert Law.

Radiation Transfer Equation

Consider a scattering-free medium in local thermodynamic equilibrium. When a
beam of intensity I pass through it, both absorption and emission processes occur
simultaneously. This is the transmission of infrared thermal radiation emitted by the
earth and the atmosphere. At this time, the source function determined by Equation
2.15 is given by the Planck function:

Iλ(s1) = Iλ(0)exp(−kλu) (2.22)

Thus, the radiative transfer equation can be written as:

dIλ

kλρIλds
= −Iλ + Bλ(T) (2.23)
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To solve the equation, we define the monochromatic optical depth of the medium
between two points s and s1:

τλ(s1, s) =
∫ s1

s
kλρds′ (2.24)

Using dτλ(s1, s) = −kλρds, equation2.22 can be rewrite as:

dIλ(s)
dτλ(s1, s)

= −Iλ + Bλ(T) (2.25)

Multiply equation 2.24 by the factor exp[−τλ(s1, s)], then integrating the thickness
ds from 0 to s1 is the Schwarzschild equation:

Iλ(s1) = Iλ(0)exp[−τλ(s1, 0)] +
∫ s1

0
Bλ[T(s)]exp[−τλ(s1, s)]kλρds (2.26)

2.5.2 Radiative Transfer models

When considering model simulation of downwelling emission from the atmosphere,
two radiative transfer models are coupled and used in this case, one is the Line-
by-Line Radiative Transfer Model (LBLRTM) (Clough et al., 2005) for the gaseous
contribution, another is the DIScrete Ordinate Radiative Transfer model (DISORT)
(Stamnes et al., 1988) for calculation of water droplets and aerosol particles. The
coupled model based on LBLRTM and DISORT is called LBLDIS (Turner, 2005). The
radiative transfer theory will be given in the next section (compare Sec.2.5.1). Using
LBLDIS as a forward model, Richter et al. (2022) developed a retrieval algorithm,
named as TCWRET, to do cloud parameter retrieval. In this study, we further de-
velop this retrieval algorithm into aerosol composition retrieval. The main differ-
ence between the two is the scattering properties look-up table, which will be given
in next chapter.

2.5.3 Mie-Code

In this study, sulfate, sea salt, dust, and BC are retrieved using the retrieval algo-
rithm, TCWRET-V2. The complex refractive index database only covers the above-
mentioned aerosols in the infrared band because the spectral signature of the other
aerosols is too small and it is not possible to retrieve them from the IR spectra. The
complex imaginary refractive index of sulfate and dust are based on OPAC/GADA
database, BC from Chang and Charalampopoulos (1990), and sea salt from Eldridge
and Palik (1997), and Palik (1997).

The aerosol optical properties are calculated using the Lorenz-Mie theory (Mie,
1908). The code for this calculation has been developed by Mishchenko et al. (1999).
For aerosol scattering properties calculations, information on the aerosol size dis-
tribution as well as their shapes is also needed. In Mie code (Mishchenko et al.,
1999), the sphere shape of aerosol with a single-mode log-normal size distribution
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of particles is selected. The log-normal function is given as follows:

nN(D) =
N√

2πDln(σg)
exp(−

ln2(D/Dg)

ln2(σ)
) (2.27)

Where N is the total aerosol number concentration Dg is the median diameter, and
σg is termed geometric standard deviation. In this study, the geometric standard
deviation of the size distribution of aerosol is assumed to be 0.2 and the effective
radius (Reff) is set from 0.1 to 1 µm. The main reason for setting the upper limit of
the Reff to 1 µm is that aerosols in the Arctic region are often below 1 µm, according to
the measurements of aerosol size distribution in the Arctic area ((Asmi et al., 2016;
Park et al., 2020; Boyer et al., 2022)). In addition, if such constraint is not set to
1 µm, occasionally, the retrieval of fine particles, such as sulfate and BC, will be
mathematically increased for a better fit of the spectrum, which is artificial. Because
sea salt can be larger than 1 µm, when the retrieved Reff of sea salt is close to 1 µm
and sea salt is the dominant aerosol, the database of sea salt is extended to 2.5 µm,
and the retrieval is run again.
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Chapter 3

Instruments, Data and Methods

In this study, I tried to answer three main scientific questions: How FTS retrieve
aerosols composition information; how much the differences in aerosol composi-
tion affect the polar radiation budget; whether the pathways of aerosol transport
to the Arctic change with climate change. First of all, we will give a introduction
about the observatory site: Ny-Ålesund. Since the main instrument is the Emission
Fourier Transform Infrared Spectrometer (FTS), Sec.3.2 gives the basic information
about FTS. Sec.3.3 presents the emission FTS retrieval algorithm developed in this
study. After obtaining the results of the aerosol composition, in Sec.3.5 the infrared
radiation effects are given for aerosols of different composition. Finally, based on the
Geos-Chem model simulation, we use dust as a kind of aerosol tracer to show the
variation in the pathways of aerosols to the polar regions in Sec.3.6.

3.1 Site description

Ny-Ålesund (79 ◦N, 12 ◦E), Svalbard, is located in the North Atlantic atmospheric
transport gateway to the Arctic (compare Fig.3.1). Ny-Ålesund experiences a dis-
tinctly polar climate due to its high latitude within the Arctic Circle. The meteorolog-
ical characteristics of Ny-Ålesund are influenced by its extreme northerly location,
resulting in specific weather patterns and climatic conditions:

1. Low Temperatures: Ny-Ålesund has cold temperatures, especially during win-
ter. Average winter temperatures can plummet well below freezing, reach-
ing lows of around -20°C to -30°C (-4°F to -22°F). Even during the relatively
milder summer months, temperatures tend to remain cool, rarely exceeding
5°C (41°F).

2. Polar Night and Midnight Sun: The town experiences polar night and polar
day due to its high latitude. From mid-November to late January, Ny-Ålesund
encounters the polar night, where the sun remains below the horizon, resulting
in continuous darkness. Conversely, from late April to mid-August, the area
enjoys the polar day, with 24 hours of sunlight.

3. Strong Winds: Ny-Ålesund is susceptible to strong winds, which can signifi-
cantly impact the local weather conditions. These winds, sometimes accompa-
nied by snowfall, contribute to the challenging climate.
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4. Precipitation: Precipitation in Ny-Ålesund primarily occurs as snow through-
out most of the year. While total annual precipitation levels are relatively low,
snowfall can occur even during the summer months, contributing to the per-
sistent snow cover in the region from November to June.

5. Fog and Low Clouds: Fog and low-lying clouds are common occurrences in
Ny-Ålesund, particularly during certain times of the year. These atmospheric
conditions can reduce visibility and affect transportation and outdoor activi-
ties.

6. Ice Conditions: The surrounding waters and nearby glaciers significantly in-
fluence the local climate. Sea ice and icebergs are common in the vicinity, im-
pacting maritime activities and influencing the local weather patterns.

The extreme meteorological conditions in Ny-Ålesund present unique challenges
and opportunities for scientific research and exploration in various fields, particu-
larly those related to climate, atmospheric studies, glaciology, and environmental
sciences. These conditions make Ny-Ålesund an ideal location for studying the im-
pacts of climate change on the Arctic region and its ecosystems. The AWIPEV1 re-
search base is part of the village Ny-Ålesund, jointly operated by AWI Potsdam2 and
IPEV institute3. The AWI Potsdam operates an extensive suite of instruments, some
of which are a very useful complement to the NYAEM-FTS (section 3.2.2), including
an aerosol Lidar instrument (section 3.3.4) and a sun-photometer. The geographical
location of NY is given in Fig.3.1 .

FIGURE 3.1: The location of Ny-Ålesund.

3.2 Fourier-transform infrared spectroscopy

Infrared (IR) spectroscopy is one of the commonly used spectroscopic techniques in
qualitative and quantitative analysis in analytical laboratories. In atmospheric sci-
ences, we can also use solar radiation and atmospheric radiation as radiation sources
for IR spectroscopic studies, such as the well-known TCCON (Wunch et al., 2011)
and NDACC (De Mazière et al., 2018) observation networks. The three main re-
gions of infrared spectroscopic studies are the near-infrared 14000-4000 cm−1 , the
mid-infrared 4000-400 cm−1 and the far-infrared 400-10 cm−1.

1www.awipev.eu
2Alfred Wegener Institut; www.awi.de
3Polar Institute Paul Emile Victor; www.ipev.fr
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3.2.1 The principle of the FTS

The first infrared spectrometer was built in 1835 and it quickly became an impor-
tant tool for chemical characterisation. It used a dispersive design in which in-
frared light was split into different frequencies (wavelengths) and each frequency
was detected sequentially (Theophanides, 2012). In the late 1960s, the develop-
ment of Fourier Transform Infrared (FTS) spectroscopy led to a breakthrough in
infrared spectroscopy. FTIR spectrometers can measure all frequencies simultane-
ously, which greatly accelerates acquisition time and improves signal-to-noise ratio
and wavelength accuracy.

The FTIR spectrometer is based on a double-beam interferometer originally de-
signed by Michelson in 1891(Michelson, 1891). The interferometer schematic in an
FTIR spectrometer is given in Fig.3.2. It works by splitting the beam into two paths
using a beamsplitter, with one path being reflected by a fixed mirror, and the other
path being reflected by a moving mirror. After a path difference is created, the two
beams recombine at the beamsplitter, resulting in interference. As the distance trav-
elled by the second beam changes due to the moving mirror, the resulting infrared
light has a different frequency distribution. The signal at the detector is recorded
as a time-domain interferogram, which is then Fourier transformed to the frequency
domain to obtain an infrared spectrum (Davis, Abrams, and Brault, 2001). The beam-
splitter is a plate made of a partially reflecting and partially transmitting material.
For example, Calcium Fluoride (CaF2) and potassium bromide (KBr) are the base
material, while the coating, e.g. Ge does the beam splitting and the partial reflec-
tion.

FIGURE 3.2: Interferometer schematic in an FTIR spectrometer.

Mathematically, for a non-periodic function f (x) expanded into a Fourier inte-
gral the real form is:

f (x) =
∫ ∞

−∞
[A(a)cos(ax) + B(a)sin(ax)]da (3.1)
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where A(a) = 1
π

∫ ∞
−∞ f (x)cos(ax)dx and B(a) = 1

π

∫ ∞
−∞ f (x)sin(ax)dx are called the

Fourier transforms of f (x). In addition, the Fourier transform convolution theorem
should be mentioned here: If

f (x) =
∫ ∞

−∞
f1(x − t) f2(t)dt (3.2)

then f (x) is the convolution of f1 and f2, written as f = f1 ∗ f2. Convolution has
such a relationship:

F{ f1 ∗ f2} =
1

2π
F{ f1} ∗ F{ f2} (3.3)

The Fourier transform, F of the multiplication of f1 and f2 is equal to 1
2π times the

convolution of the Fourier transforms of f1 and f2 respectively, which is the Fourier
convolution theorem.

As shown in Fig.3.2, when light from a monochromatic light source passes through
the beamsplitter, it is divided into two equal parts and directed to a fixed mirror and
a movable mirror. When the movable mirror is moved to a position such that the
optical lengths of the two reflected beams are equal, then the two beams of light ar-
riving at the detector will be the same, and hence constructive interference. Moving
the moving mirror a quarter of a wavelength further will cause the two beams of
light to be 180° out of phase, thus being destructive interference. For each successive
quarter-wavelength movement of the moving mirror, the optical range of the two
beams of light corresponding to the interferometer changes to one-half wavelength.
Thus due to the principle of coherence of light, the interferogram produced by the
interferometer will be a signal whose intensity changes to the form of a cosine, which
can be written as:

I(s) = 2I(ν̃0)[1 + cos(2πν̄0s)] (3.4)

where I(s) is the intensity of the interferogram as a function of the optical path dif-
ference s, ν̃0 is the wave number of the incident monochromatic light, and 2I(ν̃0) is
the intensity of the incident light. For a multicolour light source, the interferogram
I(s) is a combination of the intensities of the signals generated for each frequency in
the included spectrum, as follows:

I(s) = 2
∫ ∞

0
I(ν̃0)[1 + cos(2πν̃0s)]dν̃ (3.5)

The second part of the right-hand side of the equation actually expresses the charac-
teristics of the interferogram and is thus called the interferogram function F(s):

F(s) = 2
∫ ∞

0
I(ν̃0)cos(2πν̃0s)dν̃ (3.6)
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By means of the Fourier transform we mentioned before, this leads to the familiar
infrared spectrum I(ν̃):

I(ν̃) = 2
∫ ∞

0
F(s)cos(2πν̃0s)ds (3.7)

The resolution of FTIR, ∆ν̃, is related to the maximum optical path difference,smax ,
as follows:

∆ν̃ = ± 1
2smax

(3.8)

For FTIR, the larger the maximum optical path difference, the higher the resolution
of the instrument.

FTIR is extensively utilized in atmospheric studies, including the analysis of so-
lar or lunar absorption and emission spectra, as well as the measurement of sam-
ples using lamps within the instrument. In lamp measurements, FTIR instruments
employ artificial light sources to irradiate samples, allowing researchers to analyze
the absorption or emission spectra of various materials. This technique enables the
characterization of molecular structures, identification of chemical compounds, and
determination of sample composition. In solar absorption studies, FTIR instruments
are deployed to observe the attenuation of solar radiation as it passes through the
Earth’s atmosphere. By analyzing the absorption features in the solar spectrum,
researchers can identify and quantify various atmospheric constituents, including
greenhouse gases like carbon dioxide, methane, and ozone. Similarly, lunar absorp-
tion measurements involve analyzing the infrared radiation emitted by the Moon,
which allows scientists to do atmospheric composition observation during the night.
Besides, FTIR instruments are also employed in emission spectroscopy to study the
thermal radiation emitted by the Earth’s surface and atmosphere. By measuring
the outgoing longwave radiation, researchers can infer temperature profiles, detect
trace gases, and investigate radiative transfer processes. In this study, FTS is used in
aerosol observation.

3.2.2 Emission FTS

The NYAEM-FTS consists of a Bruker Vertex 80 Fourier Transform Spectrometer, a
SR800 blackbody and an automatically operated hutch which shields the instrument
from the environment (compare Fig. 3.3 for a schematics of the setup). NYAEM-
FTS is incorporated into the AWIPEV Observatory, a building which is operated
and maintained by the AWI Potsdam as part of the AWIPEV research station. It is
situated in a temperature stabilized laboratory.

The Bruker VERTEX 80 instrument is a table top instrument. In the version used
here, the instrument has a resolution up to 0.08 cm−1 and an adjustable field of view
in the range of 3.3 mrad to 22 mrad. The field of view is defined by the aperture
inside the instrument. The beamsplitter is a KBr beamsplitter and the detector is
an extended MCT detector with a sensitivity range 400 - 2500 cm−1. The detector
is cooled with liquid nitrogen and equipped with an automatic filling apparatus to
ensure continuous operation without operator assistance. The instrument is purged
with dry air to protect the parts which are hydroscopic. The laboratory is tempera-
ture regulated to stay within the range 21 - 25 ◦C maximum. There is no focal point
outside the instrument, the parallel beam has a diameter of 4 cm and a maximum
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divergence of 22 mrad. Thus, the probed area is circular with a diameter of about
880 m at 20 km altitude. The mirror selecting the emission source is the first optical
part of the setup, hence the optical path is identical for the black-body source and the
sky. Parts of the line-of-sight are within and nearby the laboratory, which explains
the strong emission lines in the example spectrum (see Fig.4.1 in waveband 650 - 750
cm−1) because of the high temperature in the first meters of the line of sight. The in-
strument is operated automatically and appended with a mirror to choose a target,
the SR800 black-body or the atmosphere. The SR800 can be adjusted between 0 to
120 ◦C and holds the temperature within 0.1 K and is used as a black-body radiator.
The surface is homogeneous to about 0.1 K. Additionally a cavity black-body radia-
tor IR563 can be used for calibration purposes. The SR800 Black-body is operated by
the acquisition software and measured regularly every few minutes.15Additionally
two self-build black-body radiators are used for the continuous operation, which are
itself calibrated frequently using the SR800 and IR563 black-bodies.

In order to protect the instrument from the harsh conditions in the Arctic, a au-
tomatic hutch has been build and will open the view to the atmosphere if conditions
permit. Permitable is no precipitations, no snow drift and wind speeds of less than
15 m/s.

FIGURE 3.3: Schematics of the optical setup of the NYAEM-FTS spec-
trometer. Thew dashed line denotes the enclosure of the FT spectrom-

eter and the enclosure of the laboratory.

Total power calibration

The black-body targets are used to perform a frequent total power calibration. For
regular measurements a cold and a hot black-body, BC and BH, 20 ◦C and 100 ◦C, re-
spectively, are measured for calibration purposes. Since the emissivity of blackbody
in real, α, is usually below 1, it means that the radiation of the blackbody is a mixture
of the blackbody radiation and the temperature of the container, which is assumed
to be blackbody radiation (Richter et al., 2022). The radiation by the emission FTS
is the sum of the radiation of the radiator plus a term which takes into account the
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temperature of the environment:

B = αB(TBB) + (1 − α)B(Tlab) (3.9)

Where TBB is the temperature of blackbody, and Tlab is the temperature of container.
According to Revercomb et al. (1988), the total power calibration is calculated via:

S =
α(BH − BC)

F (IH − IC)
F (IA − IC) + αB(Tc) + (1 − α)B(Tlab)︸ ︷︷ ︸

o f f set

(3.10)

where S is the final spectrum, BH,C are theoretically calculated Planck curves of
the hot and cold black-body. According to Richter et al. (2022), the assumption that
the laboratory radiation is blackbody radiation can thus be relaxed to the assumption
that the laboratory radiation is stable during one measurement sequence, which lasts
only a few minutes. If one of the black-bodies is at the temperature of the labora-
tory, the offset term can be assumed a Planck-curve at laboratory temperature. IH,C,A
are the interferograms of the measurements of the hot and cold black-body and the
atmosphere, respectively. F denotes the Fourier-transform. The reason for using
the Fourier transform of the differences of the interregnums is to mitigate the phase
distortion due to parts of the spectrometer which radiate in the thermal infrared.
The problem has been elaborated on by Revercomb et al. (1988). Revercomb et al.
(1988) used the fact, that contributions from the instrument are the same regardless
of the input level and vary very slowly compared the variation of the atmosphere,
especially in a temperature stabilized environment. Using the difference of the in-
terferograms those constant and slowly varying contribution are also removed. An
example for a calibrated spectrum in clear sky conditions is in Fig.4.1. The raw data,
i.e. the interferograms of the separate sources, are permanently stored at the Uni-
versität Bremen. The total power calibration can therefore be performed again, if
necessary.

3.3 Retrieval Algorithm of Emission FTS

The retrieval algorithms, TCWRET-V1 and TCWRET-V2, are based on TCWRET de-
veloped by Richter et al. (2022). TCWRET-V1 is used for cloud parameter retrieval
while TCWRET-V2 is modified for aerosol retrieval. The main difference between
the two is the scattering properties look-up table. The forward model of the retrieval
program TCWRET is the radiative transfer model LBLDIS (Richter et al., 2022) which
consists of the clear sky radiative transfer model LBLRTM (Clough et al., 2005) and
the scattering code DISORT (Stamnes et al., 1988) . The coupled model LBLDIS
is used in several retrieval algorithms, such as MIXCRA (Turner, 2005), CLARRA
(Rowe, Neshyba, and Walden, 2013), and TCWRET (Richter et al., 2022). Note that
these retrieval algorithms share the same forward models. The differences are the
particular implementation, e.g. of the scattering.

In this paper, TCWRET-V1 means TCWRET with cloud databases, while TCWRET-
V2 (Ji et al., 2023) means TCWRET with aerosol databases. The algorithm reliability,
or how well the method can precisely retrieve aerosol information, has been tested
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in section 4.1.2. In the Sec. 3.3.2, the aerosol scattering properties look-up tables and
artificial spectra simulated using a forward model are described in detail.

The retrieval method adopted in the modified TCWRET for the aerosol case is an
optimal estimation method (Rodgers, 2000), the relationship between a measured
emission spectrum y and unknown aerosol state x can be described by a simple
mathematical model, as follows:

y = F(x)+ ε (3.11)

where F(x) is the forward model and ε is the error of observation. According to
Rodgers (2000), the solution of the inverse problem is the state x minimizing a cost
function ξ2(x) usually defined as:

ξ2(x) = [y − F(x)]TS−1
y [y − F(x)] + [xa − x]S−1

a [xa − x] (3.12)

where S−1
y is the inverse measurement error covariance matrix, containing the vari-

ances of the spectral radiance; xa is the a priori; S−1
a is the inverse error of the

a priori covariance matrix xa; The state vector x in modified TCWRET is defined
as follows:x = (τseasalt, τsul f ate, τdust, τBC, rseasalt, rsul f ate, rdust, rBC),τ means AOD of
aerosols, and r means Reff of aerosols.

Since the forward model is a non-linear function, an iterative method is needed
to minimize the cost function ξ2(x), given as follow:

xn+1 = xn + ∆x (3.13)

Here xn and xn+1 are the aerosol parameters of the nth and (n + 1)th step, and sn
is the modification of the aerosol parameters during the n − th iteration. For weak
non-linear problems, the Gauss-Newton (GN) method can be successfully applied,
while in significant non-linear situations, the GN method is not guaranteed to de-
crease the cost function, therefore the method of steepest descent could be used. The
Levenberg-Marquardt method (Marquardt, 1963; Lourakis et al., 2005) modification
combines both methods by starting with the deepest descent method far away from
the minimum and using the GN method near the minimum (Ceccherini and Ridolfi,
2010). At each iteration, a damping factor µ is adjusted in such a way that if the step
results in a decrease in the cost-function, the damping factor µ is decreased, bringing
the next step closer to the GN step. If the step causes the cost function to increase,
the iteration is repeated with a higher damping factor µ, resulting in a step closer to
the gradient descent direction. The adjustment vector sn could be determined by the
governing equation, as follows:

(KT
n S−1

y Kn + S−1
a + µ2S−1

a )sn = KT
n S−1

y [y − F(xn)] + S−1
a · (xa − xn) (3.14)

K = (
∂F(xi)n

∂xi
)is the jacobian matrix, i means parameters in the state vactor;

S−1
y = diag(σ−1

i ) is the inverse measurement error covariance matrix, containing
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TABLE 3.1: Micro-windows used in TCWRET to retrieve the micro-
physical aerosol or cloud parameters (Richter et al., 2022).

Interval (cm−1)
558.5 - 562.0
571.0 - 574.0
785.9 - 790.7
809.5 - 813.5
815.3 - 824.4
828.3 - 834.6
842.8 - 848.1
860.1 - 864.0
872.2 - 877.5
891.9 - 895.8
898.2 - 905.8
929.6 - 939.7
959.9 - 964.3
985.0 - 991.5
1092.2 - 1098.1
1113.3 - 1116.6
1124.4 - 1132.6
1142.2 - 1148.0
1155.2 - 1163.4

the variances of the spectral radiance; xa is the a priori; S−1
a is the inverse error of the

a priori covariance matrix xa; µ2 · S−1
a is the Levenberg-Marquardt (LM) term, as we

mentioned before. F(xi) is the calculated spectral radiance and y is the measured
spectral radiance.

The iteration is said to have converged, if the cost function ξ2 does not change
anymore, i.e. the change in the cost function ξ is below a threshold. This threshold
is set 0.001 in this study, i.e. the iteration has converged if

ξ2(xn+1)− ξ2(xn+1)

ξ2(xn)
< 0.001 (3.15)

Besides, the selection of the inversion window is based on three main criteria: a)
Sensitivity to aerosol signals; b) Insensitivity to trace gases; c) Avoidance of regions
with a few gas absorption lines. Considering these factors, we ultimately selected
specific bands for aerosol inversion. The micro-windows selected in aerosol retrieval
is presented in Tab.3.1.

3.3.1 Averaging Kernels

The averaging kernels are a useful diagnostic tool to characterize the solution of the
retrieval. In TCWRET, averaging kernels are calculated via

A =
∂xr

∂x
=

∂xr

∂y
∂y
∂x

= Tr · Kr (3.16)
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where xr is the retrieved state vector; x is the true value of state vector; Tr is the final
transfer matrix T and Kr is the final jacobian matrix. According to Ceccherini and
Ridolfi (2010), the final transfer matrix could be calculated as follows:


T0 =0
Tn+1 = Gn + (I − GnKn − MnS−1

a )Tn
Gn = MnKT

n S−1
y

Mn = (KT
n S−1

y Kn + S−1
a + µ2Dn)−1

(3.17)

where 0 is a zero matrix and I is an identity matrix, other quantities are described
before. The matrices Kn are calculated in Eq. 3.14. The calculation of the transfer ma-
trix is performed in parallel to the minimisation. An example of averaging kernels
is given as follows:

A =

τSS τSO4 τDust τBC Re f fSS Re f fSO4 Re f fDust Re f fBC



0.280 −0.099 0.264 0.232 0.093 −0.046 0.014 0.073 τSS
−0.057 0.940 0.047 0.042 −0.067 0.057 0.026 0.020 τSO4
0.006 0.006 0.585 0.036 −0.007 −0.040 0.151 −0.022 τDust
0.172 0.178 0.163 0.171 0.030 −0.011 0.023 0.065 τBC
0.248 −0.134 0.268 0.250 0.112 −0.042 0.075 0.063 Re f fSS
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 Re f fSO4
0.012 0.025 1.354 0.102 −0.023 −0.075 0.414 −0.051 Re f fDust
0.149 0.177 0.195 0.190 0.045 −0.014 0.062 0.061 Re f fBC

The averaging kernels belong to the retrieved result, because they include much
information about the retrieval results, e.g. how much influence is exerted by the
a priori and how independent the retrieved quantities are from each other. On the
diagonal elements one finds the derivatives of each element in the retrieved state
vector with respect to its corresponding element in the true state vector. From the
averaging kernel (refer to the example A above), the AOD of sulfate is the parameter
least dependent on a priori information, followed by the AOD of dust and sea salt.
Except for dust, all other aerosol size information is difficult to be retrieved. Besides,
the information in each row or column suggests that there is very little connection
between the parameters and that they are all independent of each other, supporting
the finding of the low correlation in sec. 3.4.

3.3.2 Dry Aerosol Scattering Properties Look-up Tables

In this study, sulfate, sea salt, dust, and BC are retrieved using the retrieval algo-
rithm, TCWRET-V2. The complex refractive index database only covers the above
mentioned aerosols in the infrared band because the spectral signature of the other
aerosols is too small and it is not possible to retrieve them from the IR spectra. The
complex imaginary refractive index of sulfate and dust are based on OPAC/GADA
database, BC from Chang and Charalampopoulos (1990), and sea salt from Eldridge
and Palik (1997), and Palik (1997) (compare Fig. 3.4).
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FIGURE 3.4: The complex refractive index of dust, sulfate, BC,
and sea salt. The complex imaginary refractive index of sulfate
and dust are based on OPAC/GADA database, BC from Chang
and Charalampopoulos (1990), sea salt from Eldridge and Palik
(1997), and Palik (1997). Those data have been downloaded from:

http://eodg.atm.ox.ac.uk/ARIA/.

The aerosol optical properties are calculated using the Lorenz-Mie theory. The
code for this calculation has been developed by Mishchenko et al. (1999). For aerosol
scattering properties calculations, information on the aerosol size distribution as
well as their shapes is also needed. In Mie code (Mishchenko et al., 1999), the sphere
shape of aerosol with a single-mode log-normal size distribution of particles is se-
lected. The aerosol size distribution in this study is given as follows:

nN(D) =
N√

2πDln(σg)
exp(−

ln2(D/Dg)

ln2(σ)
) (3.18)

Where N is the total aerosol number concentration Dg is the median diameter, and
σg is termed geometric standard deviation. In this study, the geometric standard
deviation of size distribution of aerosol is assumed to be 0.2 and the effective radius
(Reff) is set from 0.1 to 1 µm. The main reason for setting the upper limit of the
Reff to 1 µm is that aerosols in the Arctic region are often below 1 µm, according to
the measurements of aerosol size distribution in the Arctic area ((Asmi et al., 2016;
Park et al., 2020; Boyer et al., 2022)). In addition, if such constraint is not set to
1 µm, occasionally, the retrieval of fine particles, such as sulfate and BC, will be
mathematically increased for a better fit of the spectrum, which is artificial. Because
sea salt can be larger than 1 µm, when the retrieved Reff of sea salt is close to 1 µm
and sea salt is the dominant aerosol, the database of sea salt is extended to 2.5 µm
and the retrieval is run again.
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3.3.3 Wet Aerosol Scattering Properties Look-up Tables

Ji et al. (2023) describe a modified retrieval algorithm based on TCWRET (Richter et
al., 2022) for retrieving aerosol composition. The primary difference are the databases
for various emission sources, such as clouds (Richter et al., 2022) or dry (Ji et al., 2023)
or activated aerosols (in this study). For activated aerosols, two activated aerosols
databases are created following the steps described in Ji et al. (2023). When creat-
ing the new databases of activated aerosols, there is an additional step that takes
into account the complex refraction index of wet aerosols and the particle size of
hygroscopic particles as a function of RH. Therefore, the following parameterization
method (Zieger et al., 2013; Petters and Kreidenweis, 2007) is applied:

rwet(RH)

rdry
=

(
1 + κ

RH
1 − RH

)1/3

(3.19)

where κ is the hygroscopic growth parameter of the particles.
To calculate the complex refractive index of wet aerosol, the volume fraction of

dry aerosol (Chin et al., 2002), fd, is used:

{
Rwet = fdRd + (1 − fd)Rwater

Iwet = fd Id + (1 − fd)Iwater
(3.20)

where Rd and Rwater mean the real part of dry particles and water respectively; Id
and Iwater mean the imaginary part of dry particles and water respectively.

The deliquescence point is about 75% for sea salt and 85% for sulfate (Peng, Chen,
and Tang, 2022). Therefore, when the aerosol layer’s ambient RH is less than 75%,
dry aerosol databases are used for retrieval. The activated sea salt particle database
replaces the dry sea salt particle database when the ambient RH reaches 75% to 85%.
Both the activated sulfate and sea salt databases are utilized when the ambient RH
exceeds 85%.

3.3.4 Additional Data Used in TCWret-V2

The Raman-Lidar “KARL”

The aerosol height information is needed for aerosol composition retrieval. This data
can be either gained from Lidar measurement or Cloudnet. Here, we use Raman-
Lidar for a case study and for long time period retrieval, Cloudnet data is the source
of aerosol height information.

In Ny-Ålesund, a Raman-Lidar “KARL” is operated to measure in 3 colors (355,
532, and 1064 nm) (Ritter et al., 2016). It is positioned about 10 meters away from
NYAEM-FTS measurement also pointing skywards. Aerosol backscatter coefficients
(in all three colors), extinction coefficients (355 and 532 nm), and depolarization (355
and 532 nm) are measured.

For Lidar products, the aerosol backscatter coefficient (βaer), the aerosol depolar-
ization (δaer) and the color ratio (CR) are used for aerosol optical property analysis.
According to Freudenthaler et al. (2009), the definitions of those quantities are given



3.3. Retrieval Algorithm of Emission FTS 39

TABLE 3.2: Aerosol classification by Lidar measurements as given by
Ritter et al. (2016)

Classes βaer
532(Mm−1sr−1) δaer

532 CR Description
Clear day β < 0.4 δ < 2.05% Clear day
Clear depol. β<0.4 δ ≥ 2.05% Clear day with polar-

ized signal.
Spherical
Aerosol

0.4 ≤ β < 1 δ < 2.05% Spherical fine particles,
possibly from long-
distance transportation,
e.g. sulfate.

Depol. Aerosol 0.4 ≤ β < 1 δ ≥ 2.05% Polarized fine particles
with irregular shapes,
e.g. dust.

Activated
Aerosol

1 ≤ β ≤ 3 δ < 2.05% CR < 1.7 Aerosol hygroscopic
growth into larger size,
e.g. sea salt, sulfates.

Dense Aerosol 1 ≤ β ≤ 3 CR ≥ 1.7 Medium size aerosol,
e.g. sea salt, dust.

Cloud β > 3 Cloud

as follows:

δaer(λ) =
βaer
⊥ (λ)

βaer
∥ (λ)

(3.21)

βaer
⊥ (λ) and βaer

∥ (λ) are the backscatter coefficients of the vertical and parallel po-
larized light, respectively. The depolarization depends on the particles’ shape, e.g.
spherical particles do not show any depolarization in the backscatter.

CR(λ1, λ2) =
βaer

λ1

βaer
λ2

(3.22)

βaer
λ is the aerosol backscatter coefficient at wavelength λ. More details are given

in Freudenthaler et al. (2009) and Ritter et al. (2016). Based on that, Ritter et al.
(2016) distinguished six conditions for the aerosol classification using those Lidar
quantities (compare Tab. 3.2).

Instruments Joint Observation Scheme

As previously indicated, it is difficult to distinguish between thin clouds and aerosols
only relying on the NYAEM-FTS instrument. To select the spectra in aerosol-only
scenarios, the measurements of the KARL Lidar are used.

The aerosol or cloud height is determined from the KARL Lidar measurement
and provided to the retrieval algorithm, TCWRET (compare Sec. 3.3). For cloud-
only observations, the first version of retrieval algorithm, Total Cloud Water retrieval
(TCWRET-V1), is used to retrieve cloud parameters as described by Richter et al.
(2022). For aerosol-only events, the modified version, TCWRET-V2, is used to do the
aerosol components retrieval. For complex situations with simultaneous existence
of clouds and aerosols, the concurrent NYAEM-FTS measurements will be excluded.
The flow diagram of the joint observation scheme is found in Fig. 3.5a.

The flow diagram in TCWRET-V2 is given in Fig. 3.5b. As shown in Fig. 3.5b,
there are several inputs for model simulations. Firstly, the databases for scattering
coefficients of different aerosol types are calculated using Mie code (Mishchenko et
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al., 1999) based on aerosol complex refractive index and aerosol size distribution.
Secondly, the atmospheric state profile, which includes temperature, humidity, and
pressure (referred to as THP), is obtained from ERA5 reanalysis data with a time
resolution of 3 hours (Hersbach et al., 2018). The third input is the aerosol height
information, which is provided by the KARL Lidar (Sec. 3.3.4). To obtain the tem-
perature of the aerosol layer, the fourth input, the ERA5 temperature is interpolated
to the altitude measured by the KARL Lidar. Furthermore, for all aerosol types, the
a priori information of aerosol is fixed as AOD = 0.0001 and Reff = 0.35 µm.

FIGURE 3.5: Instruments Joint Observation Scheme (a) and flow dia-
gram of TCWRET-V2 (b).

3.3.5 Aerosol Data from AERONET and MERRA-2

The AErosol RObotic NETwork, commonly known as AERONET (Holben et al.
(1998) and Giles et al. (2019); https://aeronet.gsfc.nasa.gov, last access: 24 May
2024), represents a comprehensive and globally distributed ground-based observa-
tional system specifically designed to measure and analyze aerosol optical properties
in Earth’s atmosphere. Established in the early 1990s, AERONET has since become a
pivotal component of atmospheric research, offering critical data on aerosol particles
and their impact on climate, air quality, and environmental processes.

AERONET consists of a network of sun photometers strategically positioned
across various geographical locations worldwide. These sun photometers are equipped
with high-precision instruments that capture direct sunlight, enabling the measure-
ment of spectral aerosol optical depth (AOD) and other essential parameters like
aerosol size distribution, and optical properties.

As mentioned previously (compare Sec.1.4), there is limited aerosol composition
data available from direct observations, but the MERRA-2 dataset, based on model
reanalysis, provides detailed information on aerosol composition.

The Modern-Era Retrospective analysis for Research and Applications version
2 (MERRA-2) stands as a comprehensive and widely utilized global atmospheric
reanalysis dataset developed by NASA’s Global Modeling and Assimilation Office
(GMAO). MERRA-2 offers a detailed representation of various atmospheric param-
eters, including aerosol components, over an extensive temporal span from 1980 to
the present day(Gelaro et al., 2017).
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Among its rich collection of atmospheric data, MERRA-2 includes information
specifically related to aerosols. This encompasses assimilated aerosol diagnostics
such as column mass density for distinct aerosol constituents like black carbon (BC),
dust, sea salt, sulfate, and organic carbon. Additionally, MERRA-2 provides surface
mass concentration details for these aerosol components and comprehensive data on
total extinction (and scattering) Aerosol Optical Depth (AOD) at 550 nm. An hourly
time-averaged 2-dimensional data collection (M2T1NXAER) in MERRA-2 is used in
this study.

3.3.6 Summary of Retrieval Algorithm

It is possible to invert the compositional information of aerosols using FTIR spec-
troscopy. Currently, the aerosol composition information that we can invert is sea
salt, sulphate, black carbon, and sand and dust. The inversion algorithm also in-
cludes the wet growth process of aerosols. In addition, aerosol information from
a single instrument is limited, so we have developed a joint observing programme
using radar to provide more accurate a priori information and meteorological pa-
rameters for aerosol inversion. At present, the algorithm can be inverted only for
the presence of aerosols in the atmosphere or only for the presence of clouds, and
inversion for the more complex cases of multi-layer clouds and aerosols requires
further development in the future.

3.4 Aerosol Composition Dataset from FTS

Following the method described in Sec.3.3, sulfate (dry or wet state), sea salt (dry
or wet state), dust and BC is retrieved under different RH conditions. The retrieved
aerosol composition data are from 2019 to 2022.

For continuous long-term observation of aerosols, Cloudnet (Ebell et al., 2023)
is a better alternative to the "KARL" Lidar measurement due to its improved data
continuity and inclusion of aerosol height data and cloud type information. The
details of Cloudnet will be given in the next section (see Sec.3.5.1). With the Cloudnet
dataset, aerosol-only situations can be distinguished and the corresponding spectra
are retrieved using TCWRET-V2.

3.5 Infrared Radiation Effect of Aerosol ("ARE")

Arctic amplification (AA), characterized by the accelerated warming of the Arctic
region compared to global averages, is a phenomenon of importance in climate
change (Serreze and Barry, 2011; Wendisch et al., 2017; Peace et al., 2020). This
amplified warming is particularly pronounced during the polar night, highlight-
ing the need for a comprehensive understanding of its causes and consequences
(Chung et al., 2021). To elucidate the underlying mechanisms driving AA, extensive
research has focused on key processes such as temperature feedback, surface albedo
feedback, and cloud and water vapor feedback (Bony et al., 2006; Soden and Held,
2006; Graversen, Langen, and Mauritsen, 2014; Taylor et al., 2013; Philipp, Stengel,
and Ahrens, 2020). Among these, aerosols are an important factor in Arctic climate
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dynamics, influencing various feedback mechanisms. For instance, dust and Black
Carbon (BC) deposition on snow or ice surfaces reduce albedo, accelerating ice melt
(Ming et al., 2009; Bond et al., 2013). Moreover, sea salt aerosols modify cloud prop-
erties, enhancing longwave downward radiation (LWD) and contributing to surface
warming (Gong et al., 2023).

In the context of the Arctic energy budget, LWD constitutes a critical component,
primarily governed by greenhouse gases (GHGs) in the global mean (Trenberth, Fa-
sullo, and Kiehl, 2009; Wild et al., 2015; Tian et al., 2023). However, during the
polar night when solar shortwave radiation is absent, the cooling effect of clouds
and aerosols, arising from the scattering of solar radiation, becomes negligible (Cox
et al., 2015). Therefore, LWD from clouds and aerosols assumes greater significance,
particularly in maintaining the Arctic energy balance (Cox et al., 2015; Serreze and
Barry, 2011; Lenaerts et al., 2017; Ebell et al., 2020). Compared with LWD from
clouds ( 50 - 100 Wm−2 (Cox et al., 2015; Serreze and Barry, 2011; Lenaerts et al.,
2017; Ebell et al., 2020)), previous studies show that the LWD caused by aerosols in
dry condition is usually lower than 10 Wm−2 (Spänkuch, Döhler, and Güldner, 2000;
Markowicz et al., 2003; Vogelmann et al., 2003; Lohmann et al., 2010). Dry aerosol
particles contribute very limited LWD to the Arctic climate. However, LWD in the
transition state (wet aerosols) between dry aerosols and cloud droplets is rarely men-
tioned.

Aerosols in the atmosphere, including sea salt and sulfates, possess hygroscopic
properties, allowing them to absorb water vapor and undergo wet growth (Winkler,
1973). This process, known as aerosol wet growth, is accompanied by an increase in
LWD (Mauritsen et al., 2011). The magnitude of this increase is influenced by fac-
tors such as aerosol composition, and ambient relative humidity (RH) (Peng, Chen,
and Tang, 2022). Notably, the deliquescence point, at which hygroscopic aerosols
abruptly increase in size, is a critical threshold determined by ambient RH (Tang
and Munkelwitz, 1993; Winkler, 1973). For example, the sea salt and sulfate aerosols
in this study have deliquescence points of about 75% and 85%, respectively (Peng,
Chen, and Tang, 2022). This means that when the ambient humidity increases to
75%, the dry sea salt aerosol particles can absorb water vapor in the atmosphere and
become larger. If the ambient humidity continues to increase, the sea salt wet parti-
cles will continue to absorb water and become sea salt solution droplets (still belong-
ing to aerosols). This is the wet growth process of sea salt aerosols. Recent studies
have shown an increase in Arctic water vapor content, attributed to enhanced pole-
ward transport facilitated by atmospheric river pathways (Sato et al., 2022; Thand-
lam, Rutgersson, and Sahlee, 2022; Bresson et al., 2022). Moreover, sea salt aerosols
have been identified as dominant contributors to Arctic aerosol composition during
the winter season (Huang and Jaeglé, 2017; Kirpes et al., 2018). Therefore, the rise in
coarse-mode aerosols, primarily originating from sea spray, and the increase of RH
in the Arctic underscore the need to investigate the potential impact of aerosols on
LWD and Arctic warming during their wet growth process (Heslin-Rees et al., 2020;
Pernov et al., 2022).

Given the complex interplay between aerosols (especially aerosol composition),
RH, and LWD, understanding the radiative effects of aerosol wet growth is crucial
for understanding the role of aerosols in AA, particularly during the polar night.
Considering the various factors contributing to atmospheric LWD, such as green-
house gases, clouds, and aerosols, this study aims to explore the extra LWD intro-
duced during aerosol wet growth. To achieve this, both model simulations and ob-
servational data will be utilized, defining the resulting additional LWD from aerosols
as the Aerosol Infrared Radiation Effect (ARE). The following section provides an
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overview of the datasets utilized, including Fourier-transform infrared spectroscopy
(FTS) and Baseline Surface Radiation Network (BSRN) measurements. The FTS
plays a crucial role in elucidating the relationship between aerosol composition and
ARE, offering detailed insights into aerosol composition while quantifying ARE.
However, the ARE from the FTS is the ARE within the atmospheric window region
(AW, 690 - 1390 cm−1; 7 - 14 µm). Conversely, the BSRN provides ARE data across
the entire mid-infrared region (4.5 - 42 µm, (Maturilli, 2020)) but lacks the capabil-
ity to characterize aerosol composition. Each dataset presents unique advantages
and limitations. Furthermore, it is essential to account for the influences of other
radiative sources, such as clouds and greenhouse gases, to accurately assess ARE.
Therefore, the methodologies employed to derive ARE from LWD measurements
(eliminating contribution from clouds and GHGs) are also presented in detail.

3.5.1 Extra Data Used in "ARE"

All observations and model simulations in this study are conducted in Ny-Ålesund
(78.9 ◦N,11.5 ◦E), the world’s northernmost year-round research station, facilitating
and hosting research projects and long-term observation series. The surface radi-
ation measurements, radiosonde launches, and all measurements by cloud radar,
microwave radiometer, ceilometer, and FTS, are operated at the Atmosphere Ob-
servatory of the AWIPEV research base that is run jointly by the German Alfred
Wegener Institute and the French Polar Institute.

Clouds and Aerosols Signals from Cloudnet

In order to identify cloud cases, the Cloudnet classification product is used (Illing-
worth et al., 2007). Cloudnet is operationally applied to the AWIPEV measurement
(Nomokonova, Ritter, and Ebell, 2019; Ebell, Schnitt, and Krobot, 2023). Within
the Cloudnet processing, information from a cloud radar, ceilometer, microwave
radiometer and output from a numerical weather prediction model is combined and
the backscattered signals by the radar and ceilometer classified in terms of the oc-
currence of "Aerosol & insects", "Insects", "Aerosols", "Melting & droplets", "Ice &
droplets", "Ice", "Drizzle & droplets", "Drizzle or rain" and "Droplets". The classifica-
tion profiles have a vertical resolution of 20 m and extend from 120 m to about 11 km
height above the surface. The Cloudnet data used in this study are measured from
2017 to 2022, with temporal resolution of 30s. The application of this data to the FTS
and BSRN is slightly different, and the specific methods are given in the respective
sections (Sec.3.5.2 for FTS and Sec.3.5.2 for BSRN).

LWD in Atmospheric Window Measured from FTS

A Fourier Transform spectrometer, called NYAEM-FTS, for measuring down-welling
emission in the thermal infrared was installed in Ny-Ålesund in summer 2019. The
NYAEM-FTS consists of a Bruker Vertex 80 Fourier Transform Spectrometer, a SR800
blackbody, an automatically operated gold mirror to select the radiation source and
an automatically operated hutch with shields the instrument from the environment.
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It is situated in a temperature stabilized laboratory, at about 21 - 25 ◦C. The beam-
splitter is a KBr beam splitter and the detector is an extended Mercury Cadmium
Telluride (MCT) detector.

Therefore, the infrared spectra are measured by FTS. Since the infrared emission
of aerosols is primarily concentrated in the atmospheric window (Ji et al., 2023),
integrating the spectrum within this region provides the longwave radiation (LWD)
data from the FTS. The FTS spectra used in this study are measured from 2019 to
2022. More details of emission FTS (NYAEM-FTS) can be found in Ji et al. (2023).
The method of how to obtain the ARE from measured spectra is given in Sec.3.5.2.

LWD in Mid-infrared Range from BSRN

The radiation measurements, i.e. the LWD, at station Ny-Ålesund is from Maturilli
(2020). The Baseline Surface Radiation Network (BSRN) is a global network of high-
quality ground-based stations established to observe and record solar and atmo-
spheric radiation, including direct solar radiation tracked using a pyrheliometer
(Eppley NIP) on a solar tracker, diffuse, global, and reflected shortwave radiation
measured by pyranometers (Kipp and Zonen CMP22), and upwelling and down-
welling longwave radiation detected by pyrgeometers (Eppley PIR). All data are
quality controlled. LWD ((4.5 - 42 µm)) measurements from BSRN are expected to
have an uncertainty within ± 5 Wm−2 (Maturilli, Herber, and König-Langlo, 2015).
The LWD data used in this study are measured in every winter (DJF) from 2017 to
2022, with temporal resolution of 1 min.

Water vapor Profiles from Radiosonde

As we mentioned before, LWD measured by BSRN includes the emitted radiation
of GHGs, clouds and aerosols. Cloud cases can be identified by Cloudnet, while the
contribution from GHGs should also be considered. The vertical profiles of temper-
ature, pressure and RH (water vapor) are used from the radiosonde measurements
(Maturilli and Dünschede, 2023). The Alfred Wegener Institute (AWI) has been per-
forming radiosonde measurements at Ny-Ålesund since 1991, with regular daily 12
UTC launches since 1992. In order to extent this existing homogenized data record,
the 2017 to 2022 Ny-Ålesund radiosonde data processed by the Global Climate Ob-
serving System (GCOS) Reference Upper-Air Network (GRUAN) have been inter-
polated on the according height resolution. The combined uncertainty given by the
manufacturer is 4% for RH. The whole time period for a radiosonde ascent from the
surface to 30 km takes about 90 minutes. The data from radiosonde in this study are
measured in every winter (DJF) from 2017 to 2022, with temporal resolution of 1d.

3.5.2 Methods Applied in "ARE"

AREAW from FTS

The downwelling radiance emitted by the atmosphere, including aerosols or clouds,
can be measured using FTS. For Emission FTS, the waveband that is sensitive to
aerosols is the atmospheric window region. To distinguish the LWD and ARE mea-
sured by FTS (7 - 14 µm) from the later mentioned LWD and ARE from BSRN (4.5
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- 42 µm), here we use the subscript ‘AW’ to denote the quantity measured by the
FTS. Note that AW is part of the mid-infrared band (BSRN), so the radiation mea-
sured by FTS is not comparable to the radiation measured by BSRN. Additionally,
in the atmospheric window, the contribution from greenhouse gases (GHGs) is neg-
ligible, making the cloud signal the only factor that needs consideration. The FTS
conducts vertical observations, so ensuring cloud-free conditions vertically is suffi-
cient. Specifically, when Cloudnet indicates only an aerosol signal in the total at-
mospheric column, the spectra from the FTS observations for that time period will
be used, while spectra from other periods will be discarded. Besides, Cloudnet pro-
vides aerosol height information, then RH at the aerosol layer is obtained from ERA5
hourly data on pressure levels (Hersbach et al., 2018).

In order to calculate AREAW, the radiance measured by emission FTS has to be
first considered to the broadband LWDAW. The ARE in atmosphere window is given
by:

AREAW = LWDAW − LWDAW_clear (3.23)

where LWDAW is the calculated LWD in AW range with the measurements of emis-
sion spectra by FTS; LWDAW_clear is the emission flux from a clear atmosphere, which
can be calculated using the LBLDIS model or observed by FTS under the ideal con-
ditions of an environment without aerosols and clouds. Here, LBLDIS model simu-
lations under clear sky is used. The equation for LWDAW, from the spectral radiance
I (in Wm−2cm−1sr−1) is given as follows:

LWDAW =
∫∫∫

I(υ, µ, ϕ)µdµdϕdυ (3.24)

where I is the radiance, µ is the cosine of the zenith angle, ϕ is the azimuthal angle,
and υ is the wave number. Integrating the radiance over both the hemisphere and
the wave number yields the LWDAW. The wave number for atmospheric window
(AW) ranges from 690 to 1390 cm−1 (7 - 14 µm) (Cox et al., 2015).

If the azimuthal symmetry and isotropic (homogenuity) assumptions are made,
Equation (3.24) can be simplified to:

LWDAW = 2π
∫∫

I(υ, µ)µdµdυ (3.25)

According to Cox, Walden, and Rowe (2012), the radiation from thick clouds is
isotropic, while that from thin clouds is not. The isotropic assumption does not
apply to radiance emitted by aerosols as well. Therefore, similar to the method used
in Cox, Walden, and Rowe (2012), the relationship between radiance and LWDAW is
calculated using an exponential function assumption of radiance dependence on µ ,
as follows:

∫ 1390cm−1

690cm−1
I(υ, µ)dυ =

∫ 1390cm−1

690cm−1
I(υ, µ = 1) · (a · e−b·µ + c)dυ (3.26)

For a more concise expression, we here abbreviate the wave number integral of ra-

diance
∫ 1390cm−1

690cm−1 I(υ, µ = 1)dυ as I IAW. Therefore, the final flux calculation function
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could be written as follows:

LWDAW = 2π I IAW ·
∫ 1

0
(a · e−b·µ + c)µdµ (3.27)

where a, b, and c are the fitted coefficients, which are given in appendix .A.
For isotropic assumptions, such as thick clouds, the integral of the second part

will be a constant value, allowing the Equation (3.27) to be simplified to LWDAW =
π I IAW. In the case of non-isotropic emissions, such as aerosols, a correction coeffi-
cient C should be considered, and the Equation (3.27) is rewritten as follows:

LWDAW = C · π · I IAW, with C = 2 ·
∫ 1

0
(a · e−b·µ + c)µdµ. (3.28)

C is the correction coefficient for non-isotropic emissions, which is variable for dif-
ferent emissions, such as aerosols, atmosphere in clear day and thin clouds. This
correction coefficient C has been determined by LBLDIS model simulations and a
value of 1.35 ±0.05 for aerosols in the atmospheric window. The method of how to
get this correction coefficient is given in Appendix .A.

The error of spectra measured by FTS is usually less than 1 mWm−2cm−1sr−1

in AW region (Ji et al., 2023), the uncertainty of the correction coefficient for non-
isotropic emission from aerosol is about ± 0.05 here, therefore, the theoretical error of

LWDAW from FTS is

√
(

∂LWDAW

∂I IAW
· ∆I IAW)

2

+ (
∂LWDAW

∂C
· ∆C)

2

, about 0.550 Wm−2.

AREAW from LBLDIS Model Simulation

To analyse the key parameters affecting the aerosol infrared radiation, we perform
model simulations also in the atmospheric window. When considering model simu-
lation of downwelling emission from the atmosphere, two radiative transfer models
are coupled and used in this case, one is the Line-by-Line Radiative Transfer Model
(LBLRTM) (Clough et al., 2005) for the gaseous contribution, another is the DIScrete
Ordinate Radiative Transfer model (DISORT) (Stamnes et al., 1988) for calculation of
water droplets and aerosol particles. The coupled model is called LBLDIS (Turner,
2005). This radiative transfer model is also used as a forward model in aerosol com-
position retrieval algorithm described in Ji et al. (2023).

The AREAW calculation method from simulated spectra using the LBLDIS model
is similar to the method mentioned in Sec.3.5.2. ARE of two aerosols, sea salt and
sulfate (Ammonium sulfate), are simulated by radiative transfer model (LBLDIS).
Since the model setups for sea salt and sulfate are similar, only the parameters in the
model for sea salt are described in detail here. Usually, aerosol sizes in the Arctic
region are often below 1 µm, according to the measurements of aerosol size distribu-
tion in the Arctic (Asmi et al., 2016; Park et al., 2020; Boyer et al., 2022). Weinbruch
et al. (2012) found that sea salt particles were most abundant in particles larger than
0.5 µm. Therefore, in dry conditions, it is assumed that the size of sea salt is fixed
at 1 µm and has the shape of a sphere (Ji et al., 2023). The aerosol size distribution
is assumed to be a uniform distribution. All aerosols are fixed at a height of 1000
meters above the ground, which means the temperature of aerosol layer is fixed.
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Several model simulations are run under various RH conditions (65% as dry condi-
tion, 75% - 95% as wet conditions), with various aerosol number densities (50 cm−3 -
5000 cm−3). As for sulfate, the size is assumed to be smaller (Pernov et al., 2022), 0.4
µm in model simulations in dry condition, and other settings are the same as those
for the sea salt case. The input data for LBLDIS includes profiles of temperature,
pressure, and humidity, which are sourced from ERA5 (Hersbach et al., 2018).

ARE in the Mid-infrared Range from BSRN

The measurement of LWD (4.5 - 42 µm) from the atmosphere is obtained from the
BSRN. Since we are only focusing on the infrared radiative effects of aerosols (ARE)
in this study, the radiation from clouds as well as GHGs needs to be eliminated.

To identify clouds conditions, we use the data from the Cloudnet to eliminate the
BSRN observations with cloud cases. As we mentioned in Sec.3.5.1, there are several
targets in the "Classification" product of Cloudnet. Within the altitude range (0 – 12
km) of the "Classification" product, an aerosol-only situation is selected when only
"Aerosols" are present in all of the above targets. Then observations of the BSRN are
selected that correspond to these times, resulting in aerosol-only BSRN observations.
Note that, the LWD from BSRN is the downward radiation of the entire hemispheric
atmosphere. This means that simply being cloud-free vertically is not enough to
ensure that the entire sky is cloud-free. As the Radiosonde profile measurement
starts at around 12:00 and lasts for about 90 minutes, the cloud-free time period is
ensured to 3 hours around 12:00 (10:30 to 13:30).

Water vapor, the most important greenhouse gases (GHGs), contributes more
significantly to LWD relative to other GHGs (Easterbrook, 2016). In addition, the
water vapor content of the atmosphere is much more variable, which means that we
need to remove the effect of water vapor in calculating ARE. Therefore, the next step
is to eliminate the contribution of gases in the atmosphere to the LWD:

ARE = LWDaerosol-only − LWDclear (3.29)

where LWDaerosol-only means LWD from BSRN under aerosol-only cases; LWDclear
means the infrared radiation flux of clear sky, which is given by the radiative trans-
fer model simulation. Since LBLDIS is mainly used in the AW region, the radia-
tive transfer model used to calculate LWDclear in mid-infrared range (4.5 - 42 µm)
is the SBDART (Santa Barbara DISORT Atmospheric Radiative Transfer, (Ricchiazzi
et al., 1998)), a versatile software tool designed to calculate plane-parallel radiative
transfer within the Earth’s atmosphere, covering the entire mid-infrared waveband.
Since we only need to calculate radiation under a clean atmosphere, the temperature,
pressure, and humidity profiles from the sounding data act as inputs to SBDART to
obtain LWDclear, as shown in Fig.3.6

To make the above-mentioned cloud-free data filtering and water vapor elimina-
tion process clearer, Fig.3.6 shows the schematic diagram of this data filtering and
processing:

1. Firstly, with the help of Cloudnet Classification dataset, the LWD measured by
BSRN during the cloud-free time period is selected, called LWDaero-only;
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2. Secondly, the sounding data (Temperature, pressure, altitude and RH vertical
profiles) are used as input data into SBDART for the clear sky LWD simulation,
called LWDclear;

3. Following Equation (3.29), ARE is calculated from the difference between LWDaero-only
and LWDclear.

Note that the time resolution of the LWDaero-only data is 1 minute, while the time
resolution of the sounding profiles is once per day, with each ground to high al-
titude (about 30 km) observation period lasting about 90 minutes. Therefore, the
LWDaero-only measurements are averaged over the sounding time period (10:30 UTC
- 13:30 UTC) to represent the ARE at that sounding time.

FIGURE 3.6: Schematic diagram of data filtering and processing. The
"Classification" product of Cloudnet is applied to BSRN LWD mea-
surements in cloud-free data filtering, see Sec.3.5.2. Using sound-
ing data, LWDclear is simulated by SBDART. The difference between
LWDaero-only and LWDclear is the ARE (see Equation .3.29). Finally,
based on the profiles of water vapor from sounding data, ARE is di-
vided into four scenarios based on the difference in the line shape of

the RH profiles: AREdry, AREsurface, AREintrusion and AREmultilayer.

In addition, RH is a key parameter in the aerosol wet growth process and there is
no additional data indicating at which altitude hygroscopic aerosols are located. On
one hand, air masses from the mid-latitudes transport both moisture and aerosols to
the Arctic. On the other hand, aerosols are dispersed throughout the atmosphere and
become activated at particular altitudes where the relative humidity reaches their
deliquescence point. Therefore, we assume here that the peaks in the RH profiles,
meaning the intrusion of water vapor, is the RH of the activated aerosols. Then, we
classify the ARE into four scenarios based on the difference in the line shape of the
RH profiles: AREdry, AREsurface, AREintrusion and AREmultilayer. AREdry means that
the entire atmosphere is in a dry state (RH < 60%); AREsurface means that there is a
layer of high humidity (RH > 60%) near the ground (< 1 km); AREintrusion represents
the situation with a layer of high humidity intrusion (RH > 60%) at high altitude (>
1 km). AREmultilayer is the case that the atmosphere has multiple layers (2 layers in
this study, one below 1 km and one above 1 km) of high humidity (RH > 60%). Then
the peaks of the RH profiles can be regarded as the RH values at the level where the
activated aerosols are located within each scenarios.
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In summary, using these filters, a total of 100 cases are available, 15 cases in
AREdry, 41 cases in AREsurface, 5 cases in AREintrusion, and 39 cases in AREmultilayer.
The RH values are the peaks of the RH profiles according to different scenarios.

3.5.3 Summary of "ARE"

We usually consider the infrared radiation effect of aerosols to be small. This view
needs to be updated when aerosol wet growth is considered. In the study of the
infrared radiative effect of aerosols, we have also developed a coupling method be-
tween different observational datasets (BSRN, Cloudnet and Radiosonde measure-
ment), and the results of the FTS observations will be validated against those of the
BSRN and Cloudnet. This will provide the infrared radiative effect of wet growth
aerosols.

3.6 Arctic Aerosol Transportation Pathways

Aerosols play a critical role in feedback mechanisms associated with Arctic Ampli-
fication, particularly through surface albedo and cloud feedback (Bony et al., 2006;
Soden and Held, 2006; Stone et al., 2007; Taylor et al., 2013; Graversen, Langen, and
Mauritsen, 2014; Philipp, Stengel, and Ahrens, 2020). These aerosols originate both
within the Arctic and from distant regions, transported via atmospheric pathways
(Schmale, Zieger, and Ekman, 2021). Recent research has underscored the signifi-
cance of the eastern Atlantic pathway, which enables the fast transport of African
dust aerosols to the Arctic (Francis et al., 2018; Francis et al., 2022) . This pathway,
known as the Rapid Pathway (RP), significantly influences Arctic dust aerosol loads.

The RP is particularly crucial for the transport of large-sized aerosols. Given
the varied lifetimes of aerosols, which can range from several days to months (Kris-
tiansen et al., 2015), larger aerosols tend to settle more quickly due to heavy gravita-
tional effects (Wake and Brown, 1991; Chao and Wan, 2006), making rapid transport
essential. Dust aerosol is a major contributor of coarse particles in the atmosphere
Adebiyi et al., 2023. Arctic dust aerosol primarily originates from natural sources
such as desert regions, with approximately 65% from Africa (Sahara desert), 22%
from Asian deserts, and 13% from other deserts (Kok et al., 2021; Breider et al.,
2014). Arctic dust aerosol concentrations peak in spring when long-range transport
from Africa and Asia is most efficient, while local sources become more prominent
in autumn (Groot Zwaaftink et al., 2016b).

The transport of African dust aerosol to the Arctic occurs via four main path-
ways, including routes across North Europe, the Atlantic Ocean around the Azores
High, Russia from Asian deserts, and the eastern Atlantic (Francis et al., 2018). Varga
et al. (2021) analyzed 15 Sahara Desert dust aerosol intrusion events that reached the
Arctic, 10 of which occurred between 2016 and 2020, which indicates the contribu-
tion of African region on Arctic dust load has become increasingly important in re-
cent years. Furthermore, dust particles play a significant role in ice cloud nucleation
(IN) (DeMott et al., 2003), highlighting their importance in studies of Arctic Amplifi-
cation. However, existing studies have predominantly focused on short time events
(several days) and have not thoroughly described the RP’s characteristics, including
its seasonal and inter-annual variations.
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This part of work aims to investigate the inter-annual changes in the RP for
African dust aerosol transport to the Arctic, enhancing our understanding of po-
tential shifts in wind field due to global warming. We employ GEOS-Chem model
simulations to provide a detailed description of the RP, revealing that African dust
can reach the Arctic in about one week. Secondly, we use dust aerosol optical depth
(AOD) data from the MERRA-2 Reanalysis dataset to examine the RP’s inter-annual
variability from 1980 to 2022 for different months. Our findings indicate a signifi-
cant shift in dust transport pathways post-2000, with an increased transport via the
central North Atlantic (RP region) and minimal changes in the European land trans-
port route. ERA5 wind field data further reveal significant positive anomalies in
poleward winds over the North Atlantic in March and April post-2000, facilitating
northward dust transport through the RP, while negative wind anomalies over Eu-
rope suggest a diminished role for the European pathway in Arctic dust transport.

3.6.1 Dust Simulation by GEOS-Chem

Model simulations restrict dust emissions solely to the African region, with emis-
sions from other areas set to zero. This setup allows for the analysis of the propor-
tion of African-origin dust entering the Arctic via the RP, facilitating the study of the
pathway’s significance in dust transport. We employ GEOS-Chem model simula-
tions to quantify the Arctic aerosol load of dust originating from Africa via the RP.
GEOS-Chem is a global 3-D atmospheric chemistry model driven by meteorological
data from the Goddard Earth Observing System (GEOS) of NASA’s Global Model-
ing and Assimilation Office Bey et al., 2001. In this study, we use version 13.4.0 of
GEOS-Chem, driven by meteorological data from the MERRA-2 Gelaro et al., 2017,
with a spatial resolution of 2◦ × 2.5◦ and 47 vertical levels for global simulations.
The aerosol-only module is used for dust aerosol simulation, and the aerosol simu-
lations were conducted from January 1, 2021, to May 31, 2022. The model simulation
for 2021 is treated as spin-up run, and the data used in this study is the January 1,
2022, to May 31, 2022.

The dust aerosol simulation employs an online approach for dust emission cal-
culation, using the Dust Entrainment and Deposition (DEAD) mobilization scheme
Zender, Bian, and Newman, 2003, augmented by the source function employed in
the Goddard Chemistry Aerosol Radiation and Transport (GOCART) model Chin et
al., 2004; Ginoux et al., 2001. To isolate the transport of dust originating in Africa, we
conduct an Africa-only dust simulation, confining dust emissions to a zonal range of
20◦W - 54◦E and a meridional range of 37◦S - 40◦N, representing the African region.
Since the dust is only emitted in the African region in the model, the increase in dust
concentration in the Arctic should correlate with that in the emission area, with a
certain time lag. Therefore, we analyze the correlation between the Arctic dust AOD
and source region dust AOD with a time lag. The number of lag days corresponding
to the maximum correlation coefficient represents the approximate transport time of
dust from the source region to the Arctic region.

3.6.2 Dust AOD from MERRA-2

The presence of dust aerosol in the Eastern Atlantic and Arctic regions is connected
to the status of the RP. Using dust aerosol optical depth (AOD) data from the MERRA-
2 Reanalysis dataset Gelaro et al., 2017, we examined the inter-annual variability of
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the RP. Annual and monthly fluctuations in dust emissions from source regions in-
troduce variability that direct time series analyses cannot account for. To address
this, we use the maximum value of dust AOD in the source emission region for each
month to scale the dust AOD across that longitude to obtain the normalized dust
AOD. In other words, the scaled dust AOD assumes constant source emissions at a
value of 1, effectively eliminating the impact of variable emissions and allowing for
a clearer analysis of dust transport dynamics to the Arctic.

3.6.3 Wind Field from ERA5

The AOD of dust derived from the MERRA-2 Reanalysis reflects global dust emis-
sions, not only African emissions. Hence, assessing variations in the wind field from
Africa to the Arctic via the RP provides a more nuanced understanding of African
dust influx into the Arctic region. The ERA5 monthly averaged dataset provides
comprehensive atmospheric data across various pressure levels, spanning from 1940
to the present (Hersbach et al., 2023). In this study, we utilize monthly averaged
wind field data at 700 hPa from 1980 to 2022. Typically, the u-component of wind
predominates in monthly averaged wind fields compared to the v-component, ow-
ing to the influence of large-scale climatology circulation patterns such as the Iceland
Low in high latitudes, prevailing westerlies in mid-latitudes, and the Azores High
in subtropical regions. As the RP is driven by synoptic-scale systems lasting only a
few days to weeks, fluctuations in the u and v components of wind due to synoptic-
scale systems are more pronounced in the v component, hereafter referred to as the
"poleward wind."
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Chapter 4

Results

4.1 Aerosol Composition Retrieved Using FTS

4.1.1 Artificial Spectra from LBLDIS

When considering down-welling emission from the atmosphere on a clear day, the
main contribution to emission in the thermal infrared band are from the greenhouse
gases, i.e. CO2, H2O, N2O, CO, CH4 and O3. If there is a cloud or aerosol layer, its
broad band emissions can be observed as well (compare Fig. 4.1).

FIGURE 4.1: Four different emission spectra measured by NYAEM-
FTS in clear sky (green), aerosol (yellow, left), thin cloud (blue, right)
and thick cloud (gray, right) event respectively. The radiance cal-
culated using Planck function at 280 K (black line) is presented in
this figure. Note: the emission around 650 cm−1 originates in ambi-
ent CO2 from the laboratory air, this signal is mentioned before (see

Sec.3.2.2).

Several thermal infrared emission spectra from the LBLDIS model are shown
in Fig. 4.2. Under the same number density, different aerosol types exhibit unique
characteristics in the infrared emission spectra, shown in Fig. 4.2a. Among those
aerosols, the radiance emitted from sea salt is lowest, due to its smallest light ab-
sorbing capability compared to other aerosols. When the number density is fixed
in model simulation, the radiance from sea salt increases with the size of particles
(Fig. 4.2b). Using the same number density, the radiance from sea salt with the same
size as other aerosols is significantly lower; only when sea salt has a large particle
size compared to the other aerosols, are the radiances comparable. Figure 4.2c shows
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the thermal infrared emission spectra of atmospheric gases (clear sky) and different
aerosols within atmosphere. According to Fig. 4.2c, in some wavebands, the gas
emission dominates over the aerosol signal. Those bands are not considered for the
retrieval, e.g. CO2 in 640 - 690 cm−1 and O3 in 1000 - 1100 cm−1. Aerosol windows
(compare Tab. 3.1) are chosen in the region in 500 - 600 cm−1, 800 - 1000 cm−1, and
1100 - 1200 cm−1, which are selected as retrieval micro-windows (vertical lines in
Fig. 4.2c). Those micro windows are similar with that in Richter et al. (2022) in cloud
parameters retrieval using a similar instrument. The spectra in Fig. 4.2d are shown in
the form of the difference between the aerosol and clear sky in those micro-windows
. Based on that, the emission spectra in aerosol events are different from each other,
which means the emission from aerosols can be measured and aerosol types can be
retrieved using the emission FTS. The reason for avoiding the gas emissions is the
dependency of the gas emissions on the temperature distribution in the atmosphere.

FIGURE 4.2: The emission spectra of small aerosol particles (dust in
brown, sulfate in blue, sea salt in orange, BC in black) with Reff = 0.35
µm and number density = 2000 cm−3 (a); The emission spectra of sea
salt with different particle sizes (b); The emission spectra of aerosols
(AOD900 cm−1 = 0.1) with atmosphere gases and clear sky case (c); The
difference between total emission spectra of aerosol and clear sky case
in micro windows (d). The vertical blue lines in (c) show the mid-
values of micro windows selected for retrieval. The emission spectra

are simulated from LBLDIS with the resolution of 1 cm−1.

4.1.2 Sensitivity Study

In order to investigate the precision of the retrieved values, artificial spectra simu-
lated from LBLDIS are used to explore the performance of TCWRET-V2 in the re-
trieval of aerosol types. Artificial spectra with preset values of AOD as well as Reff
are created using LBLDIS and then act as measured spectra retrieved by the algo-
rithm. Specifically, we assume that all particles are concentrated on a single level,
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2000 m above surface ground. The AOD’s of sea salt, sulfate, dust and BC are set 0.1,
respectively, with Reff of 0.7 µm. The retrieval results suffer from several uncertainty
sources:

• Uncertainty of the aerosol height, which is similar to the error of aerosol layer
temperature. In this study, the aerosol height is given by Lidar measurement.

• Uncertainty of the humidity profile has a significant signal on the far-infrared
emission spectrum, at about 1500 - 2000 cm−1. Thus, the water vapor profile
could change the radiance of emission spectrum, which might affect the results
of retrieval.

• Calibration uncertainty in the measured spectra is also an important uncer-
tainty in the retrieval, which could be caused by misreading of the blackbody
temperature. In this study, the total power calibration method (Revercomb et
al., 1988) is used to calibrate the spectra. Assuming the accuracy of the black-
body temperature is ∆TBB = ±1K. The propagation of this error into radiance
is

∆L =

√
(

∂Latm

∂TBB
· 1K)2 (4.1)

According to Richter et al. (2022), the partial derivative
∂Latm

∂TBB
can be estimated

using:
Latm = B(Tamb) + 0.2 · (B(Thot)− B(Tamb)) (4.2)

where B(Thot) means hot blackbody temperature and B(Tamb) means surface
air temperature.

With Thot = 100 ◦C and Tamb = 0 ◦C,
∂Latm

∂TBB
· 1K = 0.41 mWsr−1m−2cm−1 is an

average for the spectral interval between 500 and 2000 cm−1.

• Measurement uncertainty. The noise on the spectrum is assumed to be white
in space and time.

• Database uncertainty could be caused by uncertainty of aerosol complex re-
fractive index. Both the real and imaginary part could have an influence on
the accuracy of aerosol scattering properties look-up tables, as we mentioned
in Sec. 3.3.2.

The artificial spectra with modifications are performed according Tab. 4.1. Com-
pared with preset values, one can then compute the difference between retrieved
values with preset values by perturbing each parameter.
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TABLE 4.1: Parameter errors and modifications in artificial spectra

Parameters Modifications

Height of aerosol +10% (200 m)

Water vapor profiles -10%

Calibration error +1 mW/sr*m2*cm-1

Measurement error Normally distributed noise with mean value of 0 and variance of 1

Complex refractive index (real part) -10%

Complex refractive index (imaginary part) -10%

4.1.3 Uncertainty Study

As we mentioned in Sec. 4.1.2, the artificial spectra are given by forward model with
preset values (compare Tab. 4.1). The retrieved results of those artificial spectra can
be obtained by using the artificial spectra as the observed spectra in the retrieval
algorithm. The difference between retrieved values with preset values by perturbing
each parameter by 10% (see Tab.4.1) is shown in Fig. 4.3.

Fig. 4.3 shows that the original case, without any modifications is close to the
preset values. The difference of AOD retrieved in the original case with preset values
are less than 0.005 at 900 cm−1, leading to convincing results using this retrieval
algorithm. Noise in the measurements and water vapor profiles have small effects
on the retrieval, causing about 0.0006 in AOD retrieval error. The most important
parameter is the database error, caused by the uncertainty of the complex refractive
index. A decrease of 10% in the real part of the complex refractive index will cause
about 7% positive errors in AOD of sulfate, dust and BC, except for AOD of sea salt,
which shows 18% negative error. While the 10% decrease of the imaginary part of
the complex refractive index will cause about 4% negative errors in AOD of sulfate,
dust and BC and 1% negative error in AOD of sea salt. Following the databases
errors, the second most important error is the calibration error, e.g. 1 K misreading
of the temperature of the blackbody will cause a change in radiance of about 0.47
mWsr−1m−2cm−1. An offset of radiance by 1 mWsr−1m−2cm−1 causes an error in
all aerosol AOD retrieval of about 4% overestimation in the results. The temperature
error of the aerosol layer is the third most important effects in the aerosol AOD
retrieval.

Organic carbon (OC) is one of the major components in tropospheric aerosols.
It is not considered because there are no data of the complex refractive index in
the infrared waveband of OC. There are also many types of OC, each of them has
a different spectral signature. The missing database for OC can be considered as
an error in the scattering database. As we mentioned before, a 10% database error
causes up to 18% AOD retrieval error. Therefore, if the OC does exist, but due to
the missing database will cause up to 18% error in the retrieval of the other aerosol
AOD.

In conclusion, when aerosol is present in the atmosphere, the emission from
aerosol can be measured by FTS. According to forward model simulations, different
aerosol types show their own features. Using artificial spectra with preset values,
error estimations caused by the retrieval could be calculated.
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FIGURE 4.3: The difference between retrieved AOD in original case
and several possible perturbing scenery (compare Table 4.1) with pre-

set values.

4.1.4 Aerosol-only Retrieval

On the 10th of June 2020 there was an aerosol event in Ny-Ålesund (compare Fig. 4.4,
showing the aerosol distribution derived using the KARL Lidar). This aerosol event
is chosen as our aerosol-only case. Figure 4.5 presents the four different aerosol
classes and cloud based on the Lidar classification method (compare Sec.3.3.4). Dur-
ing this day, aerosols are mainly distributed below 1500 m (compare Fig. 4.4). From
7:00 to 11:00, the thickness of a coarse aerosol layer (dense aerosol in Lidar classifi-
cation method in Sec. 3.3.4) near the surface decreases, while in the afternoon, this
aerosol load increases and splits into two layers, one near the surface and another,
activated aerosol, appears at the height of about 500 m. At around 8:00 clouds are
present in a height of 3500 m, which has been screened out in the aerosol-only FTS
retrieval.

FIGURE 4.4: Four different aerosol classes (spherical particles in light
yellow, depolarization particles in red, activated particles in blue, and
dense particles in deep yellow) and cloud (gray) based on Lidar clas-
sification method on 10th of June 2020. Figure (b) is a zoomed-in view

of figure (a) (height range 0 - 2000m).
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Figure 4.5 shows the results retrieved from the FTS. From Fig. 4.5a, the dominant
aerosol is sulfate above Ny-Ålesund, about AOD = 0.007 ± 0.0027 in daily average.
Dust also exists but lower than sulfate for most of the time, about AOD = 0.0039
± 0.0029 for daily average. The AOD of BC and sea salt are much lower than the
reliable range of AOD, therefore, the retrieved values of BC and sea salt are not
presented. From 9:00 to 11:00, the AOD of sulfate decreases with time. After that,
it increases slowly from 12:00 to 14:00, about 0.0135 at 14:00. From Fig. 4.5b, both
sulfate and dust are small in size, 0.25 ± 0.03 µm and 0.30 ± 0.06 µm, respectively.
The retrieved values of each aerosol composition and uncertainty on 10th of June
2020 are given in Tab.4.2.
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FIGURE 4.5: AOD of sulfate (blue), dust (brown), sea salt (yellow),
and BC (black) retrieved from emission FTS measurements (a) and

Reff results with same color information (b) on 10th of June 2020.

TABLE 4.2: The retrieved values of each aerosol composition and un-
certainty on 10th of June 2020.

Aerosol composition sea salt Sulfate BC Dust

AOD 0.0012 0.0070 0.0039 0.0017

Uncertainty of AOD 0.0002 0.0027 0.0028 0.0007

Effective Radius (Reff,um) 0.7354 0.2547 0.2992 0.2129

Uncertainty of Reff 0.0866 0.0268 0.0616 0.0103

Figure 4.6 shows the AOD from the FTS, AERONET and MERRA-2. In this anal-
ysis, the AOD from FTS will be called AODIR, the AOD from AERONET AODAERO
and the AOD from MERRA-2 will be written as AODMERRA-2. From the measure-
ment of the Sun-photometer (AERONET), as shown in Fig. 4.6a, the AODAERO (blue
line for 500 nm and red line for 780 nm) decreases from 8:00 to 11:00 and increases
after 14:24. Compared with AERONET, AODIR (black line) shows similar daily vari-
ation, while the minimum in AODMERRA-2 (orange line) is at 08:00, about 3 hours ear-
lier than AODIR and AODAERO. According to MERRA-2 reanalysis data, as shown
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in Fig. 4.6b, the first two major aerosol components are sulfate and dust, which is
consistent with AODIR in Fig. 4.6. Furthermore, the daily variation of AODMERRA-2
on the 10th of June 2020 is mainly caused by sulfate and sea salt. Apart from sea
salt, which shows limited signal in the infrared waveband, the daily variation of sul-
fate in MERRA-2 is also similar to the FTS measurement, but the turning point in
MERRA-2 is about 3 hours earlier than the one in the observations. In conclusion,
the agreement of daily variation between FTS measurements and sun-photometer
shows the good quality in the retrieval results of FTS.

Additionally, in the afternoon, from Lidar measurement (compare Fig. 4.4), there
are indications of activated aerosol at the height of about 500 m. In the FTS retrieval
algorithm, the databases of aerosol do not include liquid water or activated particles,
which means only dry particles are considered in our retrieval. The appearance of
an activated aerosol signal indicates that hygroscopic growth of aerosol needs to
be considered in the aerosol scattering properties look-up tables, which will be the
focus of future research.
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FIGURE 4.6: AOD measured by Sun-photometer (AERONET,
500 nm in blue and 780 nm in red), AOD measured by
FTS (900 cm−1 in black) and AOD from MERRA-2 reanal-
ysis data (550 nm) in Ny-Ålesund on 10th of June 2020 (a);
AOD of different aerosol components in MERRA-2 reanaly-
sis datain Ny-Ålesund on 10th of June 2020 (b). AERONET
data from: https://www.mdpi.com/2072-4292/11/11/1362;
MERRA-2 data from: https://goldsmr4.gesdisc.eosdis.nasa.gov/

data/MERRA2/M2T1NXAER.5.12.4/.

4.1.5 Aerosol Composition Dataset from FTS

Following the method described in Sec.3.3, sulfate (dry or wet state), sea salt (dry
or wet state), dust and BC is retrieved under different RH conditions. The retrieved
aerosol composition data are from 2019 to 2022. An example of the retrieved val-
ues of each aerosol composition and uncertainty on 10th of June 2020 is given in
Tab.4.2. The results of longtime measurements are presented in Fig. 4.7. The domi-
nant aerosol type varies from April to August and is not fixed. For sulfate, it is often
present in the Arctic, higher during Spring time and lower in Summer. Similarly,
BC is also frequently observed in the Arctic, with less obvious seasonal variations
than that of sulfate. A BC outburst event is observed in each Spring and Summer. In
Spring, sulfate and BC are significant while sea salt and dust are lower. In addition,
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a sea salt enhancement event is observed in Summer, which might be emitted from
open water nearby.

FIGURE 4.7: Long time period observation using FTS from April to
August in 2020.

4.1.6 Summary about TCWRET-V2

Normally, the optical properties of aerosols is provided in the visible wavelength
band, such as 550 nm. FTS gives us a different kind of information about the aerosol,
i.e. the composition of the aerosol. This part of study shows that it is possible to use
infrared emission FTS for aerosol composition retrieval. Besides, it is also important
to note that it is difficult to obtain complete aerosol information using a single in-
strument. Therefore, I developed a joint radar observing schema that exploits the
advantages of both instruments. Currently, TCWRET-V2 can provide total column
information of aerosols, while aerosol profile retrieval is not possible now.

4.2 ARE in the longwave range during Winter

As mentioned in Sec.3.5, during the aerosol wet growth process, the ARE may be
growing more than we previously knew. In this study, the FTS can be used to ob-
serve aerosol composition and the algorithm also includes the process of aerosol
wet growth. During the observations, we found that the infrared radiation from the
aerosol wet growth process is higher than the values observed in previous studies
(compare Sec.3.5). In order to obtain more specific values and possible influencing
factors of ARE, we then combined various observations and models to investigate
the ARE during the aerosol wet growth process. This part of work is being submitted
for publication.

4.2.1 Seasonal Variation of Aerosol Composition from MERRA-2

Understanding aerosol composition is crucial for studying aerosol Atmospheric Ra-
diative Effects (ARE). Using MERRA-2 reanalysis data to analyze the seasonal vari-
ations of individual aerosol compositions in the Ny-Ålesund enhances our compre-
hension of the infrared radiative effects of aerosols prior to actual observations.

Figure 4.8 illustrates the monthly variation in Aerosol Optical Depth (AOD) at
550 nm for different aerosol components (sulfate, sea salt, organic carbon (OC), dust,
and black carbon (BC)) over a year, based on MERRA-2 reanalysis data over a 20-
year period. There is a notable spring peak in sulfate and dust aerosols, a summer
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peak in organic carbon, and a significant winter peak in sea salt aerosols. These
seasonal variations highlight the distinct sources and atmospheric processes driv-
ing aerosol concentrations. The spring peak in sulfate and dust underscores the
importance of long-range dust transport, while the summer peak in organic carbon
suggests increased biomass burning or biogenic emissions. Notably, sea salt aerosols
exhibit significant variations throughout the year, with minor peaks in late autumn
and a pronounced increase during the winter months (December to January). This
wintertime elevation in sea salt AOD is likely due to enhanced wind speeds, which
facilitate the production of sea salt aerosols from blowing snow to the atmosphere.

FIGURE 4.8: Seasonal variation of sulfate, sea salt, OC, dust and BC
from MERRA-2 reanalysis data averaged from 2002 to 2021 with one

standard deviation (shaded area) in Ny-Ålesund.

4.2.2 Warming Effect of Aerosols during Wet Growth

When examining the relationship between AREAW and RH in the model simula-
tion (Sec.3.5.2), as shown in Fig.4.9a, a sharp increase in AREAW is predicted as
RH rises. This abrupt enhancement in AREAW corresponds to the aerosol’s deli-
quescence point. Specifically, the transition point of AREAW is mainly determined
by aerosol composition. For example, the AREAW associated with sea salt aerosols,
characterized by a number density of 500 cm−3 (depicted as the solid black line in
Fig. 4.9a), suddenly increases to 10 Wm−2 at an RH level of 75%, which is about 5
times higher than that in dry conditions (about 2 Wm−2). The magnitude of this
number concentration (500 cm−3) is within the measurable range at NY-Ålesund
(Jung et al., 2018; Pasquier et al., 2022). In contrast, sulfate aerosols exhibit the tran-
sition point of AREAW at 85% as the deliquescence RH of sulfate values at 85% (Peng,
Chen, and Tang, 2022) (indicated by the dashed black line in Fig. 4.9a).

Figure 4.9b depicts the AREAW measurements under varying ambient RH (Cloud-
net is used to determine the altitude at which the aerosol was located, and then the
RH value for that altitude is obtained from the ERA5). conditions for different dom-
inant aerosol composition in Ny-Ålesund based on FTS measurements. When the
dominant aerosol is sea salt and sulfate, the AREAW from the FTS observation also
increases as RH rises. The corresponding RH of sudden enhancement of AREAW in
sea salt dominated cases is about 80% - 85%, while that in sulfate dominated cases
is around 90%. Among all the observations, three cases with AREAW exceeded 30
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Wm−2, and these cases were characterized by sea salt aerosols. Conversely, for non-
hygroscopic aerosols, such as dust and black carbon, the AREAW is about 1.45± 2.00
Wm−2 and doesn’t change with RH.

BSRN measurements give the ARE in the mid-infrared range, as shown in Fig.4.9c.
The analysis in Fig.4.9c considers the ARE in three distinct scenarios: AREdry, AREsurface,
and AREintrusion, each representing single-layer high RH scenarios based on water
vapor profiles from radiosonde (methods see sec.3.5.2). Overall, we observe the
trending that ARE increases with rising RH. Specifically, under dry conditions (RH
< 60%), the ARE remains a low value of about 1.1 ± 4.4 Wm−2 and does not vary
with RH, which is consistent with previous findings (see Fig.4.9a and b). As RH
increases to between 60% and 80%, the ARE shows a significant increase. Specifi-
cally, in the cases of AREsurface, the mean ARE averaged between 60% to 80% RH is
approximately 19.3 ± 12.0 Wm−2. As RH exceeds 80%, the ARE escalates rapidly
from about 40 Wm−2 at 80% RH to approximately 100 Wm−2 at 90% RH. Besides,
in all five AREintrusion scenario cases, there are three cases of high water vapor in-
trusion, but the values of ARE does not increase with RH, and only other two cases
show an enhancement of ARE at 70% RH. It’s important to note that even under
very high ambient humidity conditions (RH > 90%), we still observe low ARE val-
ues, which is due to the presence of non-hygroscopic aerosols (dust or BC) from FTS
measurements. Furthermore, within high RH conditions (RH > 90%), there are no
intermediate ARE values, with transitions primarily occurring within the RH range
of 70% to 80%. This indicates that prevalent hygroscopic aerosols in Ny-Ålesund
undergo a transformation from a dry to a wet state within this RH range.
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FIGURE 4.9: (a) Aerosol Radiation Effect (AREAW) of sea salt (red,
black and blue lines) and sulfate (black dotted line) as a function of
RH, simulated by LBLDIS with different number density cases; (b)
The AREAW of sea salt(brown), sulfate (blue), dust(yellow) and BC
(black) dominant cases measured by emission FTS (NYAEM-FTS).
The aerosol composition retrieval method is given in Sec.3.3.3 and
the methods is given by Ji et al. (2023); (c) ARE under different RH
profile scenarios: AREDry (black) means that the entire atmosphere is
in a dry state (RH < 60%); AREsurface (blue) means that there is a layer
of high humidity (RH > 60%) near the ground (< 1 km); AREintrusion
(yellow) represents the situation with a layer of high humidity intru-
sion (RH > 60%) at high altitude (> 1 km). The error bars represent
one standard deviation of the ARE calculated over a 3-hour period
(10:30 - 13:30). Note: AREAW in this figure (a) refers to simulations
and (b) refers to measurements by NYAEM-FTS in the AW region,
and ARE in figure c refers to the results of measurements (BSRN) in

the mid-infrared range.
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4.2.3 RH, Temperature, and Sea Salt AOD Changes in the Arctic

To depict the humidity conditions in the Arctic, Figure 4.10a presents the difference
of RH between 2000 - 2022 and 1980 - 2000 in the Arctic at 900 hPa in winter (DJF).
In the region around Ny-Ålesund, RH has significantly increased, showing a rise
of approximately 2 - 6% compared to pre-2000 levels. Typically, as Arctic warming,
rising temperatures often lead to a decrease in RH. However, the notable increase
in RH at Ny-Ålesund suggests that specific humidity is increasing more rapidly in
this region compared to other parts of the Arctic. This anomaly points to unique
local atmospheric conditions or processes that are enhancing moisture content more
effectively than elsewhere in the Arctic.

MERRA2 reanalysis data, illustrated in Figure 4.10b, indicate a general decrease
in sea salt AOD across the Arctic compared to the pre-2000 period. However, there
is a notable increase in sea salt AOD in Ny-Ålesund and nearby area. The difference
in sea salt AOD between 2000-2022 and 1980-2000 reveals a statistically significant
positive anomaly near Ny-Ålesund, approximately +0.005.

When combining the changes in RH and sea salt AOD anomaly, we observe that
regions with high humidity and positive sea salt AOD anomalies coincide with areas
experiencing large positive temperature anomalies, as shown in Figure 4.10c. Specif-
ically, these regions exhibit temperature anomalies around +3 oC. These findings
highlight the significant role of aerosol wet growth in the Arctic. The suitable RH
conditions in Ny-Ålesund have likely facilitated the wet growth of sea salt aerosols,
contributing to the observed positive temperature anomalies.
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FIGURE 4.10: (a) The difference of RH between 2000 - 2022 and 1980
- 2000 in the Arctic at 900 hPa in winter (DJF), data from ERA5 (Hers-
bach et al., 2023); (b) The difference of Sea salt aerosol optical depth
between 2000 - 2022 and 1980 - 2000, data from Merra-2 reanalysis
data (Gelaro et al., 2017); (c) The difference of temperature between
2000 - 2022 and 1980 - 2000 in the Arctic at 900 hPa in winter (DJF),
data from ERA5 (Hersbach et al., 2023). The black dots in (a), (b), and
(c) mean the difference of this grid passes the significance test (95%).

4.2.4 Summary about ARE

In this study, based on the data measured from BSRN, Cloudnet, radiosonde data
and FTS, the infrared radiative effect of aerosols during wet growth process has
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been investigated. Under dry conditions (RH < 60%), the ARE in the whole mid-
infrared range remains consistently below 10 Wm−2, consistent with previous stud-
ies (Markowicz et al., 2003; Vogelmann et al., 2003; Lohmann et al., 2010). However,
as RH increases, a significant increase in ARE is observed. Between RH levels of 60%
and 80%, the average ARE is about 19.3 ± 12.0 Wm−2, with peaks of about 36 Wm−2

at RH levels of 70% and 80%, respectively.
Moreover, in cases where the aerosol layer becomes more humid (RH > 80%),

the ARE can further increase from about 36 to about 92.7 ±10.7 Wm−2. Under such
conditions, the growth of wet aerosols is rapid, and the additional infrared radiation
caused by wet aerosols is very close to that from clouds. In fact, the cloud radar
used in Cloudnet may not effectively detect very small cloud droplets, potentially
leading to misjudgement of these cloud droplets as aerosols, especially at high RH
conditions (> 90%) here. This possible misjudgement, which represents a transition
state between wet aerosols and cloud droplets, underscores the reliability of ARE
values ranging from 0 to 36 Wm−2 for RH levels between 60% and 80% compared
to those observed at higher RH conditions (> 90%). Therefore, the maximum ARE
value can be estimated to be around 40 Wm−2; values surpassing this threshold
may be attributed to cloud droplets. On the other hand, based on the results of this
study, when an instrument can not accurately differentiate between particle sizes
of aerosols and cloud droplets, utilizing the ARE or LWD to distinguish between
aerosols and clouds could be a potential method to achieve this distinction.

This part of study focuses on the infrared radiative effects of wet aerosols in win-
ter, but it should be noted that such phenomena can also occur in other seasons.
In these seasons, however, the presence of solar radiation from the Sun introduces
additional complexities. In addition to emitting additional infrared radiation, wet
aerosols also contribute to the scattering of solar shortwave radiation. Consequently,
addressing the energy budget implications of aerosols during the wet growth pro-
cess in other seasons requires further research and in-depth exploration.

4.3 A New Poleward Rapid Pathway for African Dust Trans-

port to the Arctic

4.3.1 The Detailed Description of Rapid Pathway

The rapid pathway, first proposed by Francis et al. (2018), for African dust transport,
generally defined as direct movement across the North Atlantic from Africa to the
Arctic, is not well characterized, requiring further investigation of the contribution
of African dust to the Arctic dust load via this pathway. To address this, we use
GEOS-Chem model simulations. A specific dust enhancement in March 2022, is
given in Fig.4.11a. A dust plume originating in North Africa crosses the Iberian
Peninsula on March 14, 2022, enters the Arctic Circle on March 19, 2022, and finally
reaches Ny-Ålesund (79 ◦ N, 12 ◦ E) on March 20, 2022, before retreating a day later.
This dust intrusion is consistent with the one-week duration characteristic of the RP.

In this model simulation, dust emissions are fixed in the African region, meaning
that dust in any part of the world originates from Africa. Consequently, there is a
lagged linear correlation between dust AOD in any location and the source emission
region; when the source emission dust AOD is high, other locations will also have
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high AOD after several days. Based on this, we averaged the meridional dust AOD
data in the Arctic between latitudes 66 to 80 ◦ N (white dashed box area in Fig.4.11a)
to obtain time series data of dust AOD for each longitude. By performing a lagged
correlation between this data and the dust AOD time series from the source region
(red box area in Fig.4.11a), we determine that the lag days corresponding to the max-
imum correlation coefficient represent the time required for dust to be transported
from the source region to the Arctic.

Based on the above method, lagged days are available for the dust AOD and
source emission regions at each longitude in the Arctic, which can be categorized
into four distinct regions: the RP region (30 ◦ W - 0 - 50 ◦ E) with a one-week delay;
the Western North Atlantic region (60 ◦ W - 30 ◦ W) with a 13-day delay; the Europe
and Siberia region (50 ◦ E - 120 ◦ E) with a 12-day delay; and Asia, Bering Strait,
and North America region (120 ◦ E - 180 - 60 ◦ W) with a delay of three weeks, as
shown in Fig.4.11b. This figure shows the average number of lag days within the
four regions. The smaller the absolute value of the number of lagged days, the faster
the dust is transported from Africa to the Arctic. When the RP is open, the African
dust enters the Arctic via the RP region faster than others, indicating the importance
of the RP for the Arctic dust load.

FIGURE 4.11: (a) GEOS-Chem model simulated dust AOD only with
African dust emission on March 21, 2022. The white dashed box area
is the latitude band between 66 - 80◦ N; the red box area represents the
dust emission area (15 - 40 ◦ N, 15◦ W - 45 ◦ E). (b) Using the GEOS-
Chem model simulated dust AOD only with African dust emission,
on a daily mean basis, the Arctic region is segmented based on the
lagged correlation coefficients of dust AOD between the Arctic area
(66 - 80 ◦ N, white dashed box area in figure a) and that of the dust
emission area (red box region). The days with the highest correlation
coefficients vary across different longitudes, leading to the classifi-
cation of the Arctic into four regions according to longitude: Rapid
pathway (RP) region (30◦ W - 50 ◦ E); Europe and Siberian region
(50◦ E - 120 ◦ E); the Asian, Bering Strait and North American region
(120◦ E - 0 - 60 ◦ W); and the western North Atlantic region (60◦ W -

30 ◦ W).
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4.3.2 Enhanced Dust Transport via the Rapid Pathway Region

Based on the specific definitions given by the GEOS-Chem model, we select two
regions of African dust transport: one is the RP region (the blue area in Fig.4.12a),
and the other is the European land transport region (the brown area in Fig.4.12a).
The shaded region in the figure is the response region in the Arctic affected by the
RP as we defined in Sec.4.3.1.

As we mentioned before, directly using reanalysis data does not eliminate the
impact of source emissions; therefore, we scaled the dust AOD to obtain the scaled
dust AOD, as shown in Fig.4.12b and c. From Fig.4.12b and c, the scaled dust AOD
in the source emission area is a unit for each month (Here is an example in March.)
of the year. As the dust is transported away from Africa, the scaled dust AOD grad-
ually decreases poleward. Compared to the pre-2000 period, there is little change in
the northward dust transport through continent after 2000. However, dust transport
strengthens in the central North Atlantic, the RP region, after 2000. This is partic-
ularly evident in the difference between pre- and post-2000, as shown in Fig.4.12d:
the Atlantic pathway in RP region shows a peak in dust AOD in the central North
Atlantic (45 - 60 ◦ N) that continues to transport dust northwards, bringing more
dust to the Arctic. This analysis for April is similar to that in March, while other
months show little variation over time, as shown in Fig.4.13.

Overall, by scaling dust AOD, the transport of Saharan dust to the Arctic is
tracked, specifically highlighting the increasing along the RP region (the central
North Atlantic) in recent decades after the year 2000.
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FIGURE 4.12: (a) Two regions of African dust transport: one is the
RP region (the blue area in Fig.4.12a, noted as Atlantic pathway), and
the other is the continental pathway (the orange area in Fig.4.12a). (b)
The scaled dust AOD averaged in orange area before (the gray line
with one standard deviation as shaded) and after 2000 (the orange
line with one standard deviation as shaded) in March. (c) Similar to
(b), but averaged over the RP region. (d) The difference in scaled
dust AOD between the time period before and after 2000 in March
(AOD2000_2022 − AOD1980_2000), the blue line is the Atlantic pathway,

and the orange line is the continental pathway.
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FIGURE 4.13: The difference in scaled dust AOD between the
time period before and after 2000 in all months (AOD2000_2022 −
AOD1980_2000), the blue line is the Atlantic pathway, and the orange

line is the continental pathway.

4.3.3 Poleward Wind: Shifting Saharan Dust Pathways from Land to Ocean

for Arctic Transport

The rapid pathway acts as a important corridor for the transport of materials and
energy to the Arctic, which may contribute to Arctic warming. To investigate this
potential linkage, the poleward wind and surface temperature anomalies are ana-
lyzed in the specific region within the Arctic that exhibit a response to the rapid
pathway.

Figure 4.14a and b depict the difference of the poleward wind (700 hPa) between
pre-2000 and after-2000 in March and April, respectively. In March, significant pos-
itive poleward wind anomalies extended across the North Atlantic, stretching from
northwestern Africa to southwestern Greenland, while significant negative anoma-
lies were observed from east of Greenland to Svalbard. This pattern of poleward
wind anomalies suggests the presence of an anticyclonic anomalous near Iceland,
indicating a weaker Iceland Low from 2000-2022 compared to 1980-2000. Therefore,
this weakening Iceland Low leads to a more meandering atmospheric circulation be-
tween mid-latitude and the Arctic, favoring the RP transport of dust into the Arctic.
Similarly, in April, the anomalous wind patterns shift slightly clockwise, pushing
the positive polar wind anomalies further north. Both March and April show evi-
dence of an anticyclonic anomalous around Iceland, indicating weakening Iceland
Low after 2000. Overall, the poleward transport of African dust via the RP region’s
is significant in March and April. In contrast, over the European continent, the pole-
ward winds consistently show a negative anomaly, resulting in a preference for dust
transport across the North Atlantic to the Arctic rather than through Europe.
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Figures 4.14 c and d illustrate the differences in surface temperature (at 1000 hPa)
between the pre-2000 and post-2000 periods for March and April, respectively. In
March, significant warming is observed in the southwest region of Greenland, while
in April, the warming shifts to the area east of Svalbard. Both regions of pronounced
warming correspond to areas identified as responsive to the rapid pathway in the
Arctic. Furthermore, the warming patterns align with the poleward wind directions
during March and April (compare Fig.4.14a and b, with winds favoring Greenland
in March and shifting toward Svalbard in April. These observations suggest a strong
potential link between the rapid pathway and the observed Arctic warming.

FIGURE 4.14: (a) The difference of the poleward wind (700 hPa)
averaged for all years between pre-2000 and after-2000 in March
(V2000_2022 − V1980_2000). The black dots mean the difference between
the two time period passed the 95% significance test; (b) is similar to
that in (a), but in April. (c) The difference of the surface temperature
(1000 hPa) averaged for all years between pre-2000 and after-2000 in
March (T2000_2022 − T1980_2000). The black dots mean the difference
between the two time period passed the 95% significance test; (d) is

same as (c) but in April.



4.3. A New Poleward Rapid Pathway for African Dust Transport to the Arctic 73

4.3.4 Summary of Rapid pathway

This part of work gives a specific description of the Rapid Pathway (RP). Based on
that, we investigate the temporal variation of the influx of African dust into the
Arctic via RP. Using GEOS-Chem model simulations, we demonstrate its enhanced
effectiveness in accelerating the transport of African dust within approximately one
week, in contrast to other regions. Our analysis reveals a significant shift in African
dust transport pathways to the Arctic after the year 2000. Specifically, there is a
notable increase in dust transport via the central North Atlantic, RP region, while
the European land transport route shows minimal change. The RP region exhibits a
peak in dust AOD between 45◦ N and 60 ◦ N, indicating a strengthened transport of
African dust towards the Arctic. This enhancement is particularly evident in March
and April, with the scaled dust AOD decreasing progressively as it moves poleward.
The ERA5 wind field data show significant positive anomalies in poleward winds
over the North Atlantic in March and April after 2000. These anomalies facilitate
the northward transport of dust through the RP region. In contrast, negative wind
anomalies over Europe suggest a reduced role of the European pathway in dust
transport to the Arctic.

As the Arctic experiences rapid warming, the meridional temperature gradient
decreases, which leads to a weakening of the upper tropospheric jet stream pat-
tern (Alizadeh and Lin, 2021). This rapid Arctic warming has caused the North-
ern Hemisphere circulation to exhibit more meridional characteristics (Francis and
Skific, 2015). These changes in atmospheric circulation are likely responsible for al-
tering the transport pathway of African dust to the Arctic, as shown in this study.
Besides, recent observations indicate significant changes in the aerosol composition
in the Arctic. Sulfate aerosols, historically prevalent due to industrial emissions from
Europe and North America, have shown a marked decrease, which is attributed to
enhanced pollution control measures and stricter emission regulations implemented
in these regions over the past few decades (Manktelow et al., 2007; Yang et al., 2019;
Westervelt et al., 2021). Concurrently, there has been a significant increase in sea salt
aerosols, driven by changing atmospheric circulation patterns and reduced sea ice
extent (Frey et al., 2019; Confer et al., 2023; Browse et al., 2014). From our results,
the transportation of air mass from mid latitude to the Arctic is changing from the
European continent to the North Atlantic over time, particularly via the rapid path-
way. This shift is bringing more dust to the Arctic, and potentially leading to more
sea salt aerosols to the Arctic.

Overall, these findings underscore the increasing influence of global warming
and Arctic amplification on atmospheric circulation patterns, leading to more fre-
quent poleward transport of material and energy, and thereby maintaining the RP
of African dust open in the foreseeable future. Therefore, it is crucial for predicting
and mitigating the impacts of dust aerosol on the Arctic climate and ecosystems.
In addition, as shown in the model simulation, Ny-Ålesund, located in this RP, is a
suitable site to observe aerosol transportation. Therefore, continued measurements
of aerosols in the Ny-Ålesund are helpful to further investigate the RP and its impact
on the climate system, specifically Arctic amplification.
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4.4 Conclusions for the Effect of Aerosol Wet Growth and

Rapid Pathway

Based on the FTS measurements and LBLDIS model simulations, there are three
parameters that influence the infrared radiation of wet aerosols: ambient RH of the
aerosol layer, aerosol composition and aerosol number density. RH and aerosol com-
position are the most important factors influencing AREAW. The measurement of
aerosol composition, especially by remote sensing method, is still challenging. In
this study, we applied a FTS retrieval algorithm to retrieve an aerosol composition
measurement for all RH conditions, which is a complement to the previous method
in Ji et al. (2023). In addition, if FTS instrument is not available, another method for
observing aerosol infrared radiation effects that combines multiple observations is
also investigated in this study. The method is based on BSRN observations and uses
cloud radar, sounding data, and combined models to obtain ARE step by step. Con-
sidering that the sudden increase in ARE with RH is closely related to the deliques-
cence point of the aerosol, it is possible that the corresponding RH of the sudden
increase in ARE (BSRN) can provide some information about the main composi-
tion of the aerosol. For example, the deliquescence point of mixed and land source
aerosols was found to vary significantly, from around 60% to 85%, while that of ma-
rine aerosols was rather consistent at around 80% (Liu et al., 2022). Compared with
the sudden increase of ARE in Fig.4.9c, the corresponding RH is about 80%, which
suggests that aerosol composition of hygroscopic aerosol in Ny-Ålesund is likely
to be marine aerosols, e.g. sea salt. From FTS measurements, the contribution of
sea salt is more prominent compared to other aerosol compositions. Therefore, in
the Arctic, the contribution of sea salt, or marine aerosols, to infrared radiation in
winter is important.

Our measurements, yielding high ARE of hygroscopic aerosols and very low
ARE of non-hygroscopic aerosols, indicates sea salt aerosols are very import for the
Arctic warming in winter. MERRA-2 reanalysis data, as shown in Fig. 4.8, con-
firms our results that in Ny-Ålesund, sea salt and sulfate aerosols are significantly
dominant than other aerosol components in winter. As spring arrives, sea salt AOD
begins to decline while dust AOD gradually increases. This trend continues into
summer, when sea salt levels reach their lowest point. Given that sea salt is a ma-
jor component of winter aerosols, its contribution to Arctic winter warming requires
further investigation in the future.

Several studies have shown that Arctic water vapor content is increasing, primar-
ily due to enhanced poleward transport from mid-latitudes via atmospheric river
pathways (Sato et al., 2022; Thandlam, Rutgersson, and Sahlee, 2022; Bresson et al.,
2022). ERA5 reanalysis data, as presented in the Sec.4.2.3, shows the 23-year mean
relative humidity (RH) in the Arctic at 900 hPa during winter (DJF) (Fig. 4.10a). This
data indicates that Ny-Ålesund has high water vapor levels during winter, provid-
ing suitable ambient RH conditions for aerosol wet growth. MERRA-2 reanalysis
data further reveals a positive anomaly in sea salt aerosol optical depth (AOD) in the
area around Ny-Ålesund after 2000 (Fig.4.10b). Combining the changes in RH and
the sea salt aerosol AOD anomaly, the region of high humidity with positive sea salt
AOD anomalies overlaps the regions with the large positive temperature anomalies
(see Fig.4.10c). Based on these findings, it is crucial to consider the warming effect of
aerosols under high humidity conditions when studying Arctic amplification. The
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greenhouse effect of water vapor intensifies surface warming, leading to higher hu-
midity levels in the Arctic (Beer and Eisenman, 2022), which facilitates aerosol wet
growth. Increased aerosols in a wet state further warm the Arctic atmosphere, po-
tentially leading to more water vapor and creating a positive feedback loop in Arc-
tic amplification. Therefore, studying the longwave radiation (LWD) contributions
from both water vapor and aerosols together is essential.

Although the area of positive sea salt AOD anomalies is very limited in the Arc-
tic, the differences in the deliquescence and efflorescence points during aerosol wet
growth process can have the potential to expand the warming effect of aerosols
throughout the whole polar regions. Wet aerosols can maintain their hydrated state
until they either develop into cloud droplets in supersaturated conditions or revert
to dry particles in drier environments, typically below the efflorescence point (Lil-
lard et al., 2009b). For instance, sodium chloride (NaCl) has a deliquescence point of
approximately 75% RH and an efflorescence point of around 46% RH (Peng, Chen,
and Tang, 2022). Consequently, NaCl remains in a wet state after activation until
ambient RH drops below the efflorescence point (e.g. 45% RH). Therefore, the Ny-
Ålesund region can act as a "refueling station" for the wet growth of the hygroscopic
aerosols, specifically the sea salt aerosols, resulting in a warming effect. Here, these
aerosols are activated, and after leaving the region, they can remain activated and
travel throughout the Arctic, carrying high values of ARE as long as the ambient
humidity is higher than the efflorescence point.

Additionally, the observed shift of the rapid aerosol transport pathway from land
to ocean in March and April suggests that with the progression of global warming
and Arctic amplification, the mid-latitude North Atlantic region will increasingly
transport both more water vapor and a greater quantity of marine aerosols, includ-
ing sea salts, to the Arctic. This shift has important implications for the Arctic’s
climate system. Therefore, future studies using Fourier Transform Spectrometers
(FTS) to observe aerosol composition, particularly in terms of sea salts and sulfates,
will be essential in better understanding how these aerosols contribute to Arctic am-
plification.
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Chapter 5

Conclusions and Outlooks

5.1 Conclusion

Arctic amplification, the phenomenon where the Arctic is warming faster than the
global average, remains incompletely understood. Key processes such as tempera-
ture feedback, surface albedo feedback, and cloud and water vapor feedback are im-
portant to this understanding. Among these, aerosols play a crucial role in Arctic cli-
mate by exerting both direct and indirect influences on these feedback mechanisms.
The varied climate effects of different aerosol compositions necessitate precise mea-
surements of aerosol components. Since 2019, a Fourier-Transform Infrared Spec-
trometer (FTS) for measuring down-welling emission, alongside a Raman-Lidar, has
been operational at the AWIPEV research base in Ny-Ålesund, Spitsbergen (79 ◦N,
12 ◦E) to achieve this goal.

To retrieve aerosol data from FTS measurements, a retrieval algorithm based on
the Line-by-Line Radiative Transfer Model and DIScrete Ordinate Radiative Transfer
model (LBLDIS) is developed in this study. This algorithm is designed for different
aerosol composition (dust, sea salt, black carbon, and sulfate). The data measured
on a case study, 10th of June 2020, shows good agreement with MERRA-2 reanaly-
sis data and comparable daily AOD variations to sun-photometer (AERONET) data.
Emission FTS is capable of observing downward infrared radiation from the atmo-
sphere without relying on sunlight, making it suitable for year-round observations,
even during the polar night. From the observations, it is evident that hygroscopic
aerosols, particularly sulfates and sea salts, are predominant in winter. The pres-
ence of sea salts is especially significant, as they may play a crucial role in Arctic
amplification.

Besides, aerosols under different relative humidity (RH) conditions emit varying
levels of infrared radiation. Hygroscopic aerosols, such as sea salt and sulfate parti-
cles, absorb atmospheric water vapor, undergo wet growth, and subsequently emit
additional longwave downward radiation (LWD). By incorporating the aerosol wet
growth process, the magnitude and key factors influencing LWD enhancement using
radiance measurements from the emission FTS, Baseline Surface Radiation Network
(BSRN), Cloudnet data, and radiosonde data are investigated. The analysis indicates
that wet aerosols enhance LWD by an average of 19.3 ± 12.0 Wm−2 between RH lev-
els of 60% and 80% during the winter season (DJF) from 2017 to 2022 in the Arctic.
Key factors affecting LWD enhancement include aerosol composition, number den-
sity, and ambient RH. A significant increase in LWD is observed when RH reaches



78 Chapter 5. Conclusions and Outlooks

the aerosol deliquescence point (approximately 80%), with sea salt aerosols play-
ing a predominant role based on FTS measurements. These findings highlight the
importance of aerosol properties, particularly composition, in influencing the Arc-
tic energy balance and suggest a potential positive feedback mechanism for Arctic
amplification.

The wet growth process of aerosols highlights the importance of considering
aerosol trajectories. Recently, a new pathway for African dust transport to the Arc-
tic was identified. This study investigates the temporal patterns and factors be-
hind African dust influx into the Arctic via the Rapid Pathway (RP). Geos-Chem
model simulations delineate the RP region, showing its efficiency in transporting
African dust within about one week. Analysis of MERRA-2 data reveals an in-
crease in African dust transport to the Arctic via the RP post-2000, peaking in March
and April. RA5 wind field data reveal significant positive anomalies in poleward
winds over the North Atlantic in March and April after 2000, facilitating northward
dust transport via the RP region. In contrast, negative wind anomalies over Eu-
rope suggest a diminished role for the European pathway in Arctic dust transport.
This study introduces a novel aerosol composition retrieval method using emission
FTS. Results indicate that aerosol wet growth can increase infrared radiation, po-
tentially contributing to a positive feedback mechanism in Arctic amplification. As
Arctic warming continues, the atmosphere’s increased meandering may enhance di-
rect poleward aerosol transport, such as African dust, further impacting the region’s
climate.

5.2 Outlook

Aerosol measurements in the Arctic are crucial for understanding the effects of aerosol
in the atmosphere, which significantly impacts climate processes such as radiative
forcing and cloud formation. These measurements can be obtained through satellite
observations, ground-based instruments, and aircraft-based campaigns. However,
each method comes with its own set of challenges, particularly in the Arctic.

Satellite observations, such as those from the Moderate Resolution Imaging Spec-
troradiometer (MODIS, https://modis.gsfc.nasa.gov/about/) and the Atmospheric
Infrared Sounder (AIRS, https://airs.jpl.nasa.gov/), provide global AOD data. MODIS,
for instance, offers valuable insights but faces difficulties due to the high surface re-
flectance from snow and ice, which can interfere with accurate aerosol detection.
Ground-based observations are another critical method for measuring AOD in the
Arctic. The Aerosol Robotic Network (AERONET, https://aeronet.gsfc.nasa.gov/)
deploys sun photometers to collect high-quality AOD data. However, the network’s
coverage in the Arctic is sparse due to the challenging environmental conditions.
Aircraft-based measurements offer a more flexible approach, allowing researchers to
gather data during specific research campaigns. While these measurements provide
valuable insights, they are episodic and geographically limited, lacking the continu-
ous coverage necessary for comprehensive understanding.

The limited network of measurement stations in the Arctic affects the represen-
tativeness of the data. Persistent cloud cover can obscure both satellite and ground-
based measurements, complicating the differentiation of aerosols from clouds. Sea-
sonal variations, such as the occurrence of Arctic haze, necessitate continuous, long-
term observations to capture accurate temporal changes. Ensuring the accurate cali-
bration of instruments in extreme conditions is also a significant challenge, as is the



5.2. Outlook 79

validation of satellite data with ground-based measurements.
Despite these challenges, advancements in satellite technology, the expansion

of ground-based networks, and comprehensive field campaigns are essential to im-
proving aerosol observations in the Arctic. These efforts will enhance our under-
standing of aerosol impacts on the region’s climate, contributing to more accurate
climate models and better predictions of future changes in the Arctic environment.

This study introduces a novel aerosol composition retrieval method using emis-
sion FTS. Results indicate that aerosol wet growth can increase infrared radiation,
potentially contributing to a positive feedback mechanism in Arctic amplification.
As Arctic warming continues, the atmosphere’s increased meandering may enhance
direct poleward aerosol transport, such as African dust, further impacting the re-
gion’s climate.

Based on the current algorithm, future work will aim to refine and enhance the
aerosol retrieval algorithm for improved accuracy and reliability. For example, by in-
tegrating more comprehensive datasets and advanced machine learning techniques,
the algorithm might be optimized to provide more precise aerosol characterizations.

To achieve a more detailed understanding of aerosol-cloud interactions and their
impact on Arctic amplification, it is crucial to integrate data from multiple instru-
ments. Future research will focus on combining measurements from the Fourier-
Transform Infrared Spectrometer (FTS), Raman-Lidar, sun photometers, and other
relevant instruments. This multi-instrument approach will enable cross-validation
of results and provide a more robust dataset for analysis, improving the accuracy of
aerosol and cloud property retrievals. Establishing long-term monitoring programs
at key Arctic locations, such as Ny-Ålesund, will be essential for tracking changes
in aerosol properties over time. This will involve setting up permanent measure-
ment stations equipped with advanced sensors and ensuring continuous data col-
lection. Long-term datasets will be invaluable for identifying trends, understanding
seasonal variations, and assessing the long-term impacts of aerosols on Arctic cli-
mate dynamics. Therefore, future studies will delve deeper into the interactions
between aerosols and clouds, with a focus on understanding how these interactions
influence cloud formation, properties, and lifetime. This will involve detailed anal-
ysis of the microphysical processes governing aerosol-cloud interactions, using both
observational data and high-resolution numerical simulations. Special attention will
be given to mixed-phase and ice clouds, which play a significant role in Arctic cli-
mate processes.

Building on the discovery of the Rapid Pathway (RP) for African dust transport
to the Arctic, further research will explore additional aerosol transport pathways.
This will involve using advanced atmospheric models to simulate and identify po-
tential new pathways and analyzing how changes in atmospheric circulation pat-
terns may influence these pathways. Understanding these transport mechanisms is
crucial for predicting future aerosol influxes and their climatic impacts. Investigat-
ing how ongoing and projected climate changes will affect aerosol dynamics in the
Arctic would be helpful for studying AA. This will include studying the effects of
warming temperatures, changing precipitation patterns, and shifting atmospheric
circulation on aerosol sources, transport, and deposition. By integrating climate
models with aerosol dynamics models, researchers can better predict future scenar-
ios and develop strategies to mitigate adverse impacts.

By addressing these areas, future research will significantly advance our under-
standing of aerosols in the Arctic environment, their interactions with clouds, and
their contributions to Arctic amplification. This knowledge will be critical for devel-
oping effective strategies to mitigate the impacts of climate change in this vulnerable
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region.
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Appendix A

supplementary

A.1 Non-isotropic emissions correction coefficient

The relationship between integral calculation of radiance in the AW region, I IAW ,
with the cosine of the zenith angle, µ , is assumed as exponent. Figure A.1 presents
the relationship I IAW with µ. The integral of the fitted function with µ could be cal-
culated as the correction coefficient in Equation 3.28 after getting the fitted function
(black dotted lines), and the flux in the unit of Wm−2 could then be obtained. In this
figure, the aerosol type is dry sea salt with a 1 µm (diameter). The method of aerosol
hygroscopic growth mentioned in Sec.3.3.3 is used to calculate the wet particles. The
varied colors indicate the various number densities of sea salt, while the black line
stands for a clear sky scenario. Four cases from the LBLDIS simulation at four RH
conditions (65%, 75%, 85%, and 95%) are provided as well. When the aerosol num-
ber density is low, between 50 and 500 cm−3, the ratio of I IAW(µ) to I IAW(µ = 1)
at various u remains relatively constant. With a sharper relationship in dry condi-
tions and a progressive flattening with an increase in RH, this phenomenon occurs
in all RH cases. Furthermore, the differences in the equations at higher relative hu-
midity levels (75%, 85%, and 95%) are not apparent, suggesting that the correction
coefficient for non-isotropic aerosol scenarios may be similar under wet conditions.
Additionally, such a relationship dramatically flattens as RH rises in the presence of
heavy aerosol pollution, such as that present in the case of 5000 cm-3, and tends to
be isotropic in high RH as in the case of RH=95%. We anticipate that under high RH
condition, a significant number of aerosols will progressively activate and develop
into a thick cloud in the atmosphere that emits isotropic radiation.

Following the simulation of the sea salt, the sulfate aerosol is also calculated by
LBLDIS. Table .A.1 displays the whole results, including the atmosphere on a clear
day. The correction coefficient for a clear atmosphere is approximately 1.08. For a
clear sky, the light from atmosphere emission could be very nearly isotropic. While
for aerosols, sea salt has a correction coefficient of 1.40 in dry state and roughly 1.35
in wet, which is considerably different from clear day. Although the activated RH
for sulfate aerosol and sea salt is different (75% for sea salt and 85% for sulfate), both
exhibit similar correction coefficient values when they are activated.

In conclusion, non-isotropic radiance emission from aerosols should be taken
into account while doing flux calculation for a moderate aerosol event, which fre-
quently occurs in the Arctic. In dry conditions, aerosols have a different correction
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FIGURE A.1: (a)The relationship between I IAW with µ. The varied
colors indicate the various number densities of sea salt, while the
black line stands for a clear sky scenario. The black dotted lines is
the averaged from 50 cm−3 to 500 cm−3. Four cases from the LBLDIS
simulation at four RH conditions (65% in (a), 75% in (b), 85% in (c),

and 95% in (d)) are provided as well.
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coefficient than they do in wet conditions. It is not very varied for various aerosol
types.

TABLE A.1: The correction coefficient for atmosphere, sea salt and
sulfate at different RH.

RH <75% 75% 85% 95%
C_Atmos 1.08 1.08 1.08 1.08
C_sea salt 1.40 1.35 1.35 1.35
C_sulfate 1.36 1.36 1.37 1.33

A.2 Publication

The retrieval algorithm described in first part of Chapter 3, see Sec.3.3, was pub-
lished. The information about this publication is as follows:

Ji, D., Palm, M., Ritter, C., Richter, P., Sun, X., Buschmann, M., and Notholt, J.:
Ground-based remote sensing of aerosol properties using high-resolution infrared
emission and lidar observations in the High Arctic, Atmos. Meas. Tech., 16, 1865–1879,
https://doi.org/10.5194/amt-16-1865-2023, 2023.

The results (figures and text content) in section 4.1 in Chapter 4 is mainly based
on this paper. And the author contributions is described below: PR implemented
TCWRET and DJ developed it into the retrieval of aerosol parameters using TCWRET.
MP designed and built the measurement setup, performed measurements and gave
advice in the development of TCWRET. CR performed Lidar measurements and
gave advice in using the Lidar data and the sun-photometer data. XS gave the ad-
vice in forward model simulation. MB gave the advice of calibration processes. JN
gave advice in the setup of the measurement and the development of TCWRET. All
authors contributed to manuscript revisions.
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