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radars, and Prof. Tuukka Petäjä for helping to keep the bigger picture in mind.

My appreciation goes to my first autumn school assistant, my office mate and co-

author Dr. Anu-Maija Sundström. I sincerely thank my co-author and friend Dr.

Maria Filioglou for scientific discussions, our AGU experience in San-Francisco and

constant moral support, especially during the last year of my PhD. I express enormous

gratitude to my colleague, office mate, co-author and friend Ksenia Tabakova, who

was helping me from my first day at the division with practical issues, coding and

scientific questions. Another important person who was always there for me is Stephany

Mazon. So many great things we have done together with these ladies during the years

- thanks for all the support, motivation and inspiration! I am also grateful to Dr. Antti

Manninen for our office discussions about science and life, for proving that perfect plots

are possible and for always being ready to help from explaining wavelet decomposition

to moving houses.

One of the highlights of my PhD times were the Cessna campaigns and I would like

to thank all the crew, pilots and, especially, Janne Lampilahti for his hard work with

organising everything and for trusting me with the measurements. The invaluable help

with the Cessna data by Dr. Riikka Väänänen is also highly appreciated.

And, of course, all the friends without whom the PhD time would not be as remarkable

and fun: Misha Paramonov, Arno Praplan, Li Liao, Simon Schallhart, Katja Lauri,

Katrianne Lehtipalo, Jenni Kontkanen, Lubna Dada and Lauriane Quéléver.
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Abstract

The atmosphere surrounding our planet is vital for the existence of many living organisms,

including humans. Although this layer is quite thin, there are numerous components interact-

ing with each other with processes taking place across widely different spatial and temporal

scales. No single instrument is able to cover all of these scales, and therefore, in order

to advance our knowledge of atmospheric processes and composition, different instruments,

methods and synergy of instruments have to be applied.

Remote sensing techniques offer a variety of possibilities for atmospheric research. Satellite

remote sensing is exploited to get a regional or global view on the problems, to verify climate

models, as well as to reach locations which are not accessible for measurements otherwise.

Ground-based remote sensing allows a continuous monitoring of the vertical structure of

the atmosphere and, due to exploiting various wavelengths, the observation of atmospheric

compounds of various sizes from gases to aerosol particles to snowflakes. In this thesis,

several remote sensing techniques have been utilized to find new methods of utilizing existing

observations as well as the application of known methods to new geographical locations.

A novel method is proposed for retrieving convective boundary layer height during spring and

summer months using insect echoes in radar returns. Observations from several different radar

frequencies were analysed and the proposed method was proven applicable at all frequencies

given some limitations. Moreover, this method can serve as a platform for future research in

different geographical locations where insects might behave differently.

The synergy of ground-based lidar and airborne in situ measurements were used to study

elevated aerosol layers in Southern Finland. Based on two cases, a clear-sky and partly

cloudy case, the temporal and spatial variability of aerosol particle number concentration in

the boundary layer and several elevated layers were investigated. Nucleation mode particles

(the smallest aerosol sizes) were also detected in one of the elevated layers, which was probably

not mixing with the boundary layer during a new particle formation event.

In addition to aerosol particles, some lidars have the capability to measure water vapor

profiles. Several calibration methods for this type of lidar were analysed in order to find an

alternative to the usual method of using a radiosonde launched close by, since radiosondes

may not always be available at every site. Output from a weather forecast model, or a

radiosonde profile which was 100 km away, were both found to be reliable, whereas the use

of satellite products required more caution in the absence of other methods. The seasonal

variability of water vapour profiles was also studied.

Satellite remote sensing observations were probed to obtain proxies of nucleation mode aerosol

particles, which are otherwise not seen from space. So far, the results were not very successful,

however, some bottlenecks were identified with a potential to improve the proxies in the

future.

Keywords: remote sensing, convective boundary layer, aerosol particles
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1 Introduction

We perceive the world around us through our senses. Some senses, such a touch and

taste, require contact of our sensing organs with objects. However, a lot of information

about our surroundings we acquire through the senses of sight and hearing, without

direct contact with objects. In other words, we are all the time performing passive

remote sensing. Moreover, some animals use also active remote sensing: echolocation

- they transmit sound waves to get information about location of surrounding objects.

Even though animals and people knew how to do remote sensing long ago, it has only

been less than a century since the development of remote sensing instrumentation.

Nowadays, there are hundreds of Earth Observation satellites and several networks of

radars and lidars covering Europe and other parts of the world (the European Aerosol

Research Lidar Network (EARLINET), the Latin America Lidar Network (LALINET),

CloudNet). Nevertheless, due to a changing climate, growing population and lack of

global sustainable leadership, the urgency to improve our understanding of the Earth

system is crucial as never before.

The atmosphere, one of the component of the Earth system, is a complex structure

where lots of elements co-exist and interact leading to processes of different scales.

One of the important component of the atmosphere is water vapour. Depending on

the air temperature water vapour concentration in the atmosphere varies from zero to

four percent by volume. Nevertheless, this gas plays an extremely important role in

the atmospheric processes - transport of heat and energy between different regions via

the hydrological cycle. Moreover, water vapour largely contributes to the greenhouse

effect. It is the most potent greenhouse gas, but its behaviour is different from other

greenhouse gases that serve as direct agents of radiative forcing. The effect of water

vapour is seen from the water vapour climate feedback: as the amount of water vapour

depends on air temperature, the warmer it gets near the surface the higher water vapour

concentration becomes leading to more absorption and re-emission of the longwave

radiation from the Earths surface (Held and Soden, 2000; Dessler et al., 2008). Climate

models show that including water vapour feedback in the future climate scenarios leads

to amplified warming of two times more than that of the CO2, according to some

estimates (Soden et al., 2002).

The lowest layer of the atmosphere is the troposphere, with an average height of 13 km.

However, the troposphere is not uniform and can also be divided into layers. The layer
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closest to the ground is directly affected by small-scale changes in the surface energy

balance and is called the boundary layer. The thickness of this layer ranges from a

few hundreds of meters up to three km, depending on the season and location. In the

presence of strong surface heating during the day and buoyancy-driven turbulence, a

convective boundary layer (CBL) most often develops. Such layer is characterized by

well-mixed heat, moisture, atmospheric gases and aerosol particles.

Aerosol particles are tiny liquid or solid particles suspended in the air (Hinds, 1999).

They can be found anywhere in the atmosphere, but mostly concentrated in the lower

atmosphere close to their sources of origin, which can be both natural and anthro-

pogenic (Kaufman et al., 2002). Roughly 90 % of the mass of aerosol particles is of

natural origin (Prospero et al., 1983). These natural aerosol particles include dust

from the deserts, sea salt from the ocean, volcanic ash, pollen, smoke from forest fires

and particles formed from the gases emitted by plants or algae. On the other hand,

aerosol particles emitted by factories and vehicles as a results of combustion processes

have an anthropogenic origin. The smoke seen most frequently in big cities is usually

due to anthropogenic aerosol particles, except during episodes of extensive wild fires

(e.g. Smolyakov et al., 2014; Mei et al., 2011) or desert dust outbreaks (e.g. Stafog-

gia et al., 2016; Proestakis et al., 2018). Furthermore, aerosol particles can also be

formed directly in the atmosphere from precursor gases of both biogenic (Kulmala

et al., 2004, 2007, 2013; Dunne et al., 2016; Kirkby et al., 2016) and anthropogenic

sources (Volkamer et al., 2006; Weber et al., 2007). Sources of aerosol particles define

their chemical and, thus, optical properties that play an important role in how aerosol

particles interact with their surroundings.

The size of aerosol particles ranges from 1-2 nanometers in diameter to tens of microm-

eters. The smallest are nucleation mode particles (particle diameter <25 nm), formed

mostly in the atmosphere from precursor gases. Aitken mode particles, which were

named after the famous aerosol scientist Dr. John Aitken, range from 25 to 100 nm.

Particles from 100 nm to 1 μm belong to the accumulation mode, while supermicron

particles are particles larger than 1 μm in diameter.

Despite their relatively small sizes, the effects of aerosol particles on climate, air quality

and human health are significant and determined by their concentration, size distri-

bution and chemical composition, among other parameters. Natural aerosol particles,

such as sea salt and desert dust, tend to have larger sizes and, as a result, they are

usually deposited onto the nasal region when a person inhales them. To the contrary,
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tiny anthropogenic aerosol particles are the most harmful to humans as they are toxic

and can penetrate into tissues and blood stream leading to respiratory, cardiovascular

and other diseases (e.g. Seaton et al., 1995; Utell and Frampton, 2000; Schnelle-Kreis

et al., 2009; Shiraiwa et al., 2017; Miller and Newby, 2020). Overall, air pollution is

estimated to be responsible for up to nine million premature deaths worldwide (Bur-

nett et al., 2018), with higher mortalities in the developing countries (e.g. Tie et al.,

2009; Meng et al., 2013; Apte et al., 2015; Pope III et al., 2015; Cohen et al., 2017;

Zani et al., 2020).

In 2020, the role of aerosol particles started to be under even more scrutiny due to

their possible connection to the transmission of the SARS-CoV-2 virus, which affected

the whole planet and caused a pandemic (Asadi et al., 2020). A person, infected with a

respiratory disease, spreads virus-laden particles during a cough or a sneeze, and these

particles may remain airborne for hours. Thus, the virus can impact other people

directly or in the course of several hours (van Doremalen et al., 2020). Recently, it

was found that asymptotic carriers of a disease can also transmit virus through aerosol

particles that are produced while talking or breathing (Rothe et al., 2020). Moreover,

humidity was also found to play an important role in the spread of the SARS-CoV-2

virus. When the relative humidity is high, the virus dies more rapidly, while at lower

humidities (lower than 40%) virus-containing aerosol particles can remain airborne

longer and penetrate easier to the lungs (Ahlawat et al., 2020).

The influence of aerosol particles on climate is divided into direct and indirect effects.

Depending on the composition, particles either directly scatter or absorb the incoming

solar radiation, which, in the first case, result in the counter-effect to warming induced

by greenhouse gases (e.g. McCormick and Ludwig, 1967; Andreae et al., 2005; Sund-

ström et al., 2015; Bellouin et al., 2020) or, in the second case, enhancing the warming

(e.g. Yu et al., 2006; Yang et al., 2019). Indirectly aerosol particles affect climate and

weather via clouds: they serve as a cloud condensation or ice nuclei, thereby influenc-

ing the formation, lifetime, albedo and other microphysical properties of clouds as well

as precipitation intensity (e.g. Twomey, 1991; Kerminen et al., 2012; Ten Hoeve and

Augustine, 2016; Seinfeld et al., 2016).

Overall, the impacts of aerosol particles are diverse and remain uncertain in future

climate projections, especially what it comes to the indirect climate effect related to

mixed-phase, convective and ice clouds (Masson-Delmotte et al., 2021). The uncer-

tainties associated with the radiative forcing due to direct aerosol effect lie between
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-0.77 to 0.23 W m2, while for indirect effect they are much bigger and lie between -1.33

to -0.06 Wm2 (Stocker et al., 2014). One of the sources for uncertainties in the direct

aerosol effect are elevated aerosol layers (Ansmann et al., 2001; Satheesh et al., 2008;

Sarangi et al., 2016; Berg et al., 2016). When convection stops in the CBL after the

sunset, aerosol particles can remain aloft forming layers, that can be advected over long

distances (Donnell et al., 2001). Aerosol particles can also be directly transported ver-

tically above the BL by midlatitude cyclones (Sinclair et al., 2010) or deep convection

(Andreae et al., 2001; Wang et al., 2016).

For comprehension and monitoring of large-scale atmospheric processes or processes,

taking place at various altitudes in the atmosphere, remote sensing techniques offer

good solutions. Satellite remote sensing provides almost near-real-time global obser-

vations of different parameters, and they are also essential for observations in non-

accessible regions. Ground-based remote sensing instruments, such as radars and li-

dars, provide continuous vertically resolved measurements. Lidars are extensively used

in different parts of the world to investigate aerosol properties in elevated aerosol lay-

ers and to estimate the radiative forcing by these layers (Paper III; Wandinger et al.,

2002; Groß et al., 2011; Burton et al., 2012; Baars et al., 2016; Berg et al., 2016; Reid

et al., 2017).

Monitoring and forecasting of air pollution is vital for human health, and reliable esti-

mates of CBL heights are needed for a good performance of air quality models. Direct

measurements of the CBL height are typically obtained from vertical profiles of the

temperature and humidity measured by radiosondes, launched twice a day in different

parts of the world (Holzworth, 1967; Seidel et al., 2010). However, continuous measure-

ments of the CBL state and evolution are preferred for a better temporal resolution

of the forecasts. Lidar observations can also be used to obtain the estimates of CBLH

(Emeis et al., 2008; Baars et al., 2008; Vakkari et al., 2015; Manninen et al., 2018; Dang

et al., 2019). However, in clean environments, the low lidar signal leads to problems

delivering the correct BLH (Manninen et al., 2016), while in other environments ele-

vated aerosol layers might affect the estimates of BLH (Granados-Muñoz et al., 2012).

Several methods of the BLH retrievals used independently can help to increase the

accuracy of the BLH determination (Seibert et al., 2000; Emeis et al., 2008), so new

methods, such as utilizing radar data, have to be developed (Paper I).
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In summary, the objectives of this thesis were:

i to develop a robust algorithm to estimate a CBLH from radars of different fre-

quencies and to check for the consistency of the obtained heights (Paper I),

ii to find an alternative to a co-located radiosonde when calibrating a ground-based

lidar for water vapour profile retrievals (Paper II),

iii to assess the spatial and temporal variability of elevated aerosol layers present in

Finland using the synergy of ground-based lidar and airborne in situ instruments

(Paper III),

iv to develop a method for obtaining nucleation mode aerosol particles utilizing

several satellite remote sensing instruments (Paper IV).
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2 Principles of remote sensing

The term ’Remote sensing’ can be defined as the process of obtaining information about

an object without being in a physical contact with it. In the scope of this thesis ’an

object’ is referred to one of the components of the Earth’s Atmosphere, such as gases

and aerosol particles described above. In this section a short overview of the source

of remote sensing, the electromagnetic radiation, and the possible interaction of light

with the objects will follow by a description of different types of the sensors used in

the thesis.

2.1 Radiation and its interactions with the atmosphere

Electromagnetic (EM) radiation consists of photons travelling through free space with

the speed of light and carrying energy. These photons travel in a form of waves that

can be best described by a wavelength and frequency. The wavelength is the distance

between two neighboring crests or troughs, whereas the frequency tells how many crests

of waves of the same wavelength pass a fixed point in 1 sec. The frequency is measured

in Hz, which means the number of passes per second. The frequency and wavelength

are inversely proportional to each other via the speed of light.

The entire light that exists can be of wavelength between approximately 10−18 m to

105 m, which corresponds to frequencies from 3 1026 Hz to 3 103 Hz. For easier use,

this enormous range of values is combined into seven portions that constitute the elec-

tromagnetic spectrum. These portions are known as gamma rays, X-rays, ultraviolet,

visible light, microwave and radio waves (Fig. 1). Gamma rays, for example, have the

highest frequency and carry the highest amount of energy, while radio waves on the

other side of the spectrum have the lowest frequency. The only portion of the spectrum

that is visible to the human eye is called visible light and occupies only a small part of

the spectrum from 380 nm to 750 nm.

Light travels through the Earth’s atmosphere and interacts with molecules, gases and

aerosol particles. These interactions can be in the form of absorption, transmission or

scattering (including reflection and refraction). For obtaining information about atmo-

spheric parameters with remote sensing techniques, scattering is the most important

process. Scattering can be defined as a redirection of EM radiation from the original
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Figure 1: Electromagnetic spectrum, showing wavelengths and frequencies of the ra-

diation. Credit: National Aeronautics and Space Administration, Science Mission Di-

rectorate. (2010). Introduction to the Electromagnetic Spectrum. Retrieved August

21, 2021, from NASA Science website: http://science.nasa.gov/ems/01intro.

direction by molecules or suspended particles. Scattering will be called elastic when

only the direction of propagation of an EM wave is changed upon interaction with a

molecule, but not its energy and, therefore, wavelength. Inelastic scattering, on the

other hand, is characterized by a shift in the wavelength between the incident and

scattered light, besides the change of direction of the incident light. This inelastic

scattering by molecules in the atmosphere is called Raman scattering (Raman and Kr-

ishnan, 1928) and is widely used in the lidar observations to obtain information about

molecules and aerosol particles.

Three scattering regimes have been discovered based on the wavelength of the incident

light and size of the particle with which it is interacting: Rayleigh scattering, Mie

scattering and geometrical scattering (Fig. 2). The first one occurs when an EM

wave interacts with a molecule or particle whose size is smaller than the wavelength

of the light. One common example of Rayleigh scattering is a daytime blue sky and

red sunsets on Earth: blue light on the shorter side of the spectrum is scattered more

by air molecules so that the human eye sees the sky as blue during the day, while

when the Sun is close to the horizon more blue light is scattered away from our sight

due to longer travelling path, leaving orange and red colours (longer wavelength) to

reach our eyes. Mie scattering occurs when an EM wave interacts with a particle of

13



approximately similar size as the wavelength. Examples of Mie scattering can be seen

in the atmosphere, when sunlight is scattered by aerosol particles, such as dust, smoke

and pollen. The last scattering type, corresponding to cases when the particle size is

much larger than the wavelength of the incident light, is called Geometric optics, as in

this case optical principles can be applied. Big water droplets scatter sunlight evenly,

making, for example, a fog to appear white. For atmospheric applications Rayleigh

and Mie scattering are widely used and more examples will be discussed in the next

chapters.

Figure 2: Schematic representation of different scattering regimes depending on the

wavelength of incident radiation and particle size. The figure is adapted after Petty

(2006).

One of the convenient and cheap sources of energy for remote sensing of the Earth’s

atmosphere is the Sun. Reflected visible light or re-emitted EM as thermal infrared

wavelengths are recorded by sensors that are called passive, as these sensors only detect

naturally occurring energy. Therefore, passive sensors detecting reflected radiation

can only observe objects during the daytime when the Sun illuminates the Earth.

Thermal radiation can be measured during both day and night. In contrast to passive

sensors, active sensors have their own sources of radiation, directed towards targets.

Although, generating large amount of energy require higher costs, the advantage of

14



having measurements both during daylight and night is invaluable. Another important

advantage of using active sensors is the possibility to utilize other wavelengths that are

not available naturally. For example, microwave radiation is exploited by radars.

Light in different portions of the spectrum interacts a bit differently with the atmo-

sphere, which necessitates having different instruments to measure different atmo-

spheric parameters. Atmospheric gases absorb some of the visible and most of the

infrared light leaving so called atmospheric windows (Fig. 1), that are used for ob-

servations by most of the passive and active sensors, such as lidars which utilize the

wavelengths of visible light. Besides gases, clouds greatly affect remote sensing obser-

vations by also absorbing radiation in the visible and infrared regions. As a result, all

instruments, both passive and active, that operate at these wavelengths are not able to

penetrate through a cloud cover to make observations of the atmosphere. Knowledge

of a cloud base, observed by ground-based lidars, are essential for aviation safety. As

radars work at millimeter or centimeter wavelengths not absorbed by clouds, they serve

as the main tools to study clouds and precipitation.

2.2 The lidar technique

A lidar is a remote sensing method which stands for Light Detection and Ranging,

as light is used as the source of radiation. Even though the name of the method

includes only detecting light and measuring distances, much more than that can be

done nowadays. Originally, lidar systems were designed to measure elevation from the

airborne platforms, such as planes: emitted light travels to the ground and a fraction

of it is scattered back, and the doubled travel time with known speed of light gives

the distance. Today, besides initial topographic mapping, lidars were found useful in

e.g. forestry to estimate basal area of trees and above-ground biomass (e.g. Dubayah

and Drake, 2000), agriculture to determine 3D structural characteristics of plants in

the vineyards and orchards (Rosell et al., 2009), robotics to map the surroundings (Le

et al., 2018), archaeology to assist in finding ancient structures (Sittler et al., 2007;

Hutson, 2015), etc.

A standard lidar set up includes a transmitter that emits light and a receiver that

collects the backscattered radiation. The system can be either a biaxial, where a

transmitter and a receiver axis are separated, or a coaxial, where both axes coincide

(Fig. 3). The transmitter consists of a laser that generate short light pulses. In modern
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lidars, Nd:YAG (neodymium-doped yttrium aluminum garnet; Nd:Y3Al5O12) lasers

are widely used. They primarily generate light pulses at the wavelength of 1064 nm,

that can be two, three or four times shortened to obtain the wavelengths of 532, 355

or 266 nm.

Figure 3: Schematic illustration of coaxial lidar geometry. The image is adapted after

Weitkamp (2006)

Three lidar types are considered in this thesis: elastic, Raman (inelastic) and Doppler

lidars. Elastic lidars detect radiation of the same wavelength as transmitted. They are

used for observations of aerosol particles and cloud base. Besides elastic scattering,

Raman lidars also detect inelastic scattering, thereby, allowing for both temperature

and water vapour retrievals. Doppler lidars measure the Doppler frequency shift and

provide observations of wind and turbulence.

The power that is backscattered to the lidar and detected by the receiver unit,P(r,λ),

as a function of range (r) and laser wavelength (λ) is given by the lidar equation for

elastic scattering (assuming no multiple scattering):

P (r, λ) = K
O(r)

r2
β(r, λ)e−2

∫ r
0 α(r,λ) dr (1)

where O(r) is an overlap function. In the bi-axial system, the overlap function equals

0 in the lowest ranges when the laser beam is not seen by the telescope and reaches 1
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when the beam is completely present in the receiver’s field of view.

- K is a system constant that is defined by the lidar hardware, specifically: the mean

power of the laser pulse (P0), the effective pulse length (cτ/2 ), the surface area of the

receiver (A) and the total system efficiency (η):

K = P0(λ)
cτ

2
Aη(λ) (2)

- β is the volume backscatter coefficient which includes backscattering by both air

molecules and aerosol particles particles;

- α is the volume extinction coefficient which includes absorption and scattering by

both air molecules and aerosol particles.

The contribution by molecules to the backscatter and extinction coefficients can be

calculated from known parameters, such as the number density of the molecules and

scattering cross section, and removed. Therefore, the two unknown parameters in the

lidar equation are the aerosol backscatter and extinction coefficients. In a simple lidar,

they can be calculated with some assumptions of the functional relationship between

them (Klett, 1981). In other lidars, for example HSRL (Section 3.2), two measurement

profiles are used for calculations, where the difference between the Doppler frequency

shifts of molecules and aerosol particles are utilized in order to obtain the coefficients

independently. In Raman lidars, the two coefficients can also be determined indepen-

dently due to measurements in several channels.

Most of the lidars also provide measurements of the linear depolarization ratio (LDR).

The transmitted radiation is initially linearly polarized, but after interacting with tar-

gets in the atmosphere the linear orientation can be changed depending on the prop-

erties of the targets to rotating or randomly polarized. Then the backscatter radiation

is collected in both the parallel and perpendicular planes to obtain the depolarization.

Stronger depolarization values indicate non-spherical shapes of the aerosol particles,

helping to define aerosol types (e.g Freudenthaler et al., 2009; Bravo-Aranda et al.,

2013; Papagiannopoulos et al., 2018). In Paper III, the LDR was used together with

the backscatter coefficient to locate elevated aerosol layers.

As mentioned earlier, a Raman lidar is capable of providing profiles of the water vapour

mixing ratio (Whiteman et al., 1992). The profiles are obtained from the ratio of two

signals: the backscatter from nitrogen at 387 nm and water vapour at 407 nm. The

obtained ratio needs to be calibrated with a reference water vapour profile, for example

from radiosonde data (Paper II, Navas-Guzmán et al., 2014).
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2.3 The radar technique

Radar is an acronym that stands for Radio Detection and Ranging, however, similar to a

lidar, applications of the radar systems extend much beyond just detection and ranging.

Radars emit pulses of energy in the microwave portion of the spectrum. A radar system

consists of a transmitter that generates a signal, and usually one antenna, that is used

for both sending this signal to the atmosphere and receiving back echoes from target

objects. The system also includes a receiver to detect echoes and a display. The

locations of the targets are inferred from the time difference between the transmitted

and detected signals. Some radars also provide observations on depolarization, which

helps to characterize the shapes of observed scatterers. Moreover, the velocity of the

targets can be retrieved from Doppler radars, which measure the Doppler frequency

shift.

The radar reflectivity factor is a primary parameter, which is widely used in meteo-

rology. In the Rayleigh regime, it is determined by the sum of spherical droplets with

diameter D in a contributing unit volume of space Vc:

Z =

∑
D6

j

Vc

(3)

The units of the radar reflectivity factor are mm6m−3, where millimeters are the diam-

eters of droplets and meters are the area of the volume. However, the factor is usually

expressed in logarithmic units dBZ as values can differ by several orders of magnitude

and is expressed as:

dBZ = 10 log
Z

1mm6m−3
(4)

Radars used in the atmospheric sciences can be divided into two groups: weather

radars and cloud radars. Weather radars operate at cm-wavelengths and are convenient

for monitoring different hydrometeors. Cloud radars have smaller wavelengths and

are used to study mostly cloud droplets. As they are more sensitive, they can be

easily attenuated by the precipitation of different types due to relatively large sizes of

hydrometeors. Commonly, radars are addressed by letters describing their wavelengths.

In this thesis, weather radars of the S (10 cm) and C (5 cm) bands are discussed as

well as cloud radars of the Ka (8.6 mm) and W (3.2 mm) bands.
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2.3.1 Radar clear-air echo

For weather and atmospheric sciences applications, meteorological targets such as

clouds and precipitation are most common, however, some non-meteorological targets

can also be useful. There are two types of clear-air echoes: from particulates and from

the gradient of a refractive index. The first group includes birds, insects and other small

particulates able to produce a large enough backscatter signal for radars to detect it.

Insects are present throughout the troposphere up to relatively high altitudes during

warmer months, and sometimes they can be found in migration layers with particular

temperature and wind speed (e.g. Kusunoki, 2002; Reynolds et al., 2005; Stefanescu

et al., 2013). In the beginning, those echoes were referred to as ”ghost” (insects) and

”angels” (birds), since there was nothing visible to a human eye in the atmosphere

(Vaughn, 1985). By now, insect return has been studied more extensively in different

radar frequencies (Atlas et al., 1970; Richter et al., 1973; Riley, 1985; Russell and Wil-

son, 1997; Contreras and Frasier, 2008; Clothiaux et al., 2000). Clear-air echoes from

small insects are used as wind tracers (Achtemeier, 1991; Wilson et al., 1994) and for

BL studies (Wood et al., 2009; Chandra et al., 2010). Small insects with diameters

less than 5-6 mm mostly passively follow the updrafts and downdrafts to travel to the

heights that they would not be able to reach, otherwise (Geerts and Miao, 2005b,a;

Parry, 2013; Wainwright et al., 2017, 2020). Due to their high number, they are seen as

volume radar targets, as compare to larger independently flying insects, like butterflies

or ladybugs which scatter as point targets. Therefore, based on radar observations,

those two categories of insects can be differentiated, so that, small insects can be used

to study the air motion.

The second type of a clear-air echo, Bragg scatter, is related to a refractive index

gradient and can be detected by cm-wavelength radars, such as those measuring in the

S and C bands (Lhermitte, 1966; Hardy and Ottersten, 1969; Konrad, 1970; Gossard

et al., 1983). These bands have wavelengths that are resonant with small-scale eddies,

and more specifically these eddies should be half the radar wavelength in size to be

detected (2.5 cm for the C band). The fluctuations appear due to rapid changes in

the temperature and humidity: for example, moist air in the BL and drier air above.

These fluctuations lead to turbulent mixing and, as a result, producing eddies, some

of which can be detected. So far, several studies have proposed to use Bragg scatter

recorded by the S-band (10 cm) weather radar to obtain the CBLH (Heinselman et al.,

2009; Elmore et al., 2012; Richardson et al., 2017; Banghoff et al., 2018; Tanamachi
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et al., 2019). Melnikov et al. (2013) increased the sensitivity of the S-band radar to

be able to observe other Bragg scatter, such as nonprecipitating clouds and decaying

boundary layer turbulence.

2.4 Passive remote sensing

Passive spaceborne remote sensing instruments measure electromagnetic radiation that

is already available in the atmosphere: shortwave solar radiation and longwave terres-

trial radiation from the Earth. More specifically, in case of solar radiation, at the top

of the atmosphere they measure the intensity of the radiation that, firstly, propagated

through the atmosphere, then, interacted with one or several objects, and, lastly, was

scattered back to space and detected by a sensor. In order to solve this inverse prob-

lem and obtain quantitative information about atmospheric parameters, such as gases

and aerosol particles, from only one measured parameter (the intensity), some a priori

assumptions need to be made. In aerosol retrievals, pre-calculations about the under-

lying earth surface and physical properties of aerosol particles are used. In trace gases

retrievals, the gases can be identified by their distinct absorption spectrum, which are

known for each trace gas. The overlapping of spectral signatures of several trace gases

can lead to a difficulty in identifying the specific spectrum, however, using information

from several wavelengths, retrieval algorithms can deliver physical quantities, such as

the column amount.

From the remote sensing perspective, the most common parameter to describe aerosol

particles in the atmosphere is Aerosol Optical Depth (AOD). It is a unitless parameter,

that includes contributions from both scattering and absorption due to aerosol particles

in a column from the surface to the top of the atmosphere. The value of 0.1, for example,

corresponds to a clear environment, while values of 1-2 can be found during pollution

episodes in industrialized areas, near forest fires or dust storms (Remer et al., 2008;

Vadrevu et al., 2011; Shi et al., 2015). One of the current challenges in AOD retrieval

algorithms is to obtain values above bright surfaces, such as snow cover (Torres et al.,

2012; Jethva et al., 2014; Sayer et al., 2016) and clouds (Mei et al., 2013).

The history of monitoring aerosol particles and trace gases with satellites spans over

several decades. Usually, these types of satellites are put to a polar Sun-synchronous

orbit, meaning that the overpass of a satellite over a certain area happens at the same

local time. Gradually the spatial resolution of the instruments is increasing: spatial
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resolution of Sciamachy, launched in 2002 on board ENVISAT, was 30x60 km, while

Tropomi, launched in 2017, provides a resolution of 7 km3.5 km at nadir. Most often the

same location is observed once during the day, yet some instruments have a narrower

swath width and, thus, cover the same territory more rarely.

Satellite data used in this thesis were obtained from several instruments, that are parts

of an Afternoon train satellite constellation 4. This constellation of four satellites in a

sun-synchronous orbit 705 km above the ground crosses the equator at approximately

13:30 local solar time. The satellites are following each other several minutes apart,

which allows almost simultaneous observations of the current atmospheric state. Each

satellite has several instruments on board and together these instruments measure a

wide variety of parameters. Water vapour profiles from AIRS/AMSU on board the

Aqua satellite were used in Paper II, while in Paper IV observations of AOD from

MODIS also on board the Aqua satellite and trace gases NO2 and SO2 from OMI on

board the Aura satellite were exploited.

Figure 4: The Afternoon satellite constellation. Swath areas of the instruments are

color-coded according to wavelength ranges: yellow - solar wavelength (OMI), gray

- solar and infrared (MODIS), red - infrared (AIRS), purple - microwave (AMSU).

Credit: https://atrain.nasa.gov/
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3 Measurement sites and instrumentation

3.1 Measurement sites

Most of the data for the Papers I-III in this thesis were obtained from the Station for

Measuring Forest EcosystemAtmosphere Relations (SMEAR II, 61 51 0 N, 24 17 0

E, 180 m above sea level, Hari and Kulmala, 2005). The station is situated in a boreal

forest in Hyytiälä, Southern Finland, approximately 60 km from the nearest big city

and not affected by anthropogenic emissions, ensuring a pristine rural environment

(Fig. 5a). Among common insects in this area are aphids (order Hemiptera), flies

(order Diptera), thrips (order Thysanoptera), wasps and ants (order Hymenoptera),

and butterflies and moths (order Lepidoptera) (Nieminen et al., 2000; Leskinen et al.,

2011).

The station is equipped with hundreds of instruments that continuously measure con-

stitutients and processes in the atmosphere, biosphere and soil, as well as their inter-

actions. From January to September 2014, various remote sensing instruments were

placed in Hyytiälä by the US Department of Energy Atmospheric Radiation Mea-

surement (ARM) programme as a part of Biogenic aerosol particlesEffects on Clouds

and Climate campaign (BAECC Petäjä et al., 2016). Moreover, during the campaign,

radiosondes (Vaisala RS92) were launched four times a day (nominally at 00Z, 06Z,

12Z, and 18Z). After the campaign, continuous measurements were initiated with the

installation of a C-band radar first and then a W-band radar.

Figure 5: Maps of stations: a) SMEAR II station in Hyytiälä, Finland; b) four stations

in South Africa: Botsalano, Marikana, Welgegund and Elandsfontein. Map credit:

satellites.pro
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The research data set for the Paper IV was obtained from a completely different

environment. In situ measurements were collected at four stations located in the north-

east of South Africa (Fig.5b). These stations are situated on a grassland or in savannah

biomes, with industrial sources located nearby for three of the stations and further

away for one of the stations yet from the prevailing air masses side (Vakkari et al.,

2013; Laakso et al., 2012; Beukes et al., 2013). Moreover, household cooking and

heating due to low-cost living in some of the areas add to air pollution (Venter et al.,

2012; Hirsikko et al., 2012). The rain season lasts from October to March, whereas

during the rest of the year precipitation is very limited leading to widespread grassland

fires. One of the stations, Elandsfontein, was initially established for long-term in

situ observations of aerosol particles and their properties, and also to assist validating

satellite products in this region (Kulmala et al., 2011b).

3.2 Lidars

A High Spectral Resolution Lidar (HSRL, Shipley et al., 1983; Sroga et al., 1983;

Grund and Eloranta, 1991; She et al., 1992; Eloranta, 2005) provides vertical profiles of

the backscatter cross-section, depolarization and extinction coefficient. This system is

autonomous and eye-safe, providing long-term unattended continuous measurements

with a 0.5-s resolution. The set up consists of a frequency-doubled Nd:YAG laser,

transmitting with a 4 kHz repetition rate at the wavelength of 532 nm, and an afocal

telescope of 40 cm in diameter that serves as both transmitter and receiver at the same

time. One of the advantages of using the same telescope is in an easier maintenance

of the stable alignment of the receiver and transmitter. An expansion of the outgoing

beam through a 40 cm telescope ensures that the energy density of the transmitted

beam is reduced to eye-safe standards. The telescope has a narrow angular field-of-

view (FOV) of only 45 μrad, which allows to limit multiple scattering, minimize noise

due to sunlight, reduce the near-field strength of the signal and provide measurements

from as low as 50 m up to 30 km. The HSRL system used in this thesis was deployed

in Hyytiälä by the U.S. Department of Energy (DOE) Atmospheric Radiation Mea-

surement (ARM) Mobile Research Facility during Biogenic aerosol particlesEffects on

Clouds and Climate campaign (BAECC, Petäjä et al., 2016). More details about this

instrument set-up can be found in the ARM HSRL instrument handbook by Goldsmith

(2016).

23



Another type of lidar, Raman lidar PollyXT (POrtabLe Lidar sYstem eXTended),

was used in Paper III to study water vapour profiles. PollyXT (Althausen et al., 2009;

Baars et al., 2016; Engelmann et al., 2016) is a portable automated multi-wavelength

lidar that emits radiation at three elastic wavelength: 355, 532 and 1064 nm and, in

addition to them, also receives a signal in three inelastic Raman-shifted wavelengths:

387, 407 and 607 nm. The LDR can be obtained due to simultaneous measurements of

the total backscattered and cross-polarized light at 532 nm. The spatial and temporal

resolution of the observations are 30 m and 30 s, respectively. The system is biaxial

and reach a full overlap between the laser beam and the receiver at 800 m, but it can

be corrected from 500 m to 800 m by an overlap function (Wandinger and Ansmann,

2002). During the day when the signal-to-noise ratio is low due to excessive light,

the Klett-Fernald method (Klett, 1981; Fernald, 1984) is applied to elastic channels

to determine extinction and backscatter profiles. During nighttime, the profiles can

be detected independently using the Raman method. Moreover, water vapour mixing

ratio profiles can be determined from measurements at 407 nm during the nighttime.

A Halo Photonics Stream Line Doppler lidar (Pearson et al., 2009) operates in

the near-infrared region at 1.5 μm and provides wind and turbulence observations. The

instrument is automated, providing continuous measurements, and is eye-safe due to

its low pulse energy. The vertical resolution is 30 m and the effective range starts at

around 90 m. Initially, the Doppler lidar records a backscattered signal from aerosol

particles and cloud droplets, which are found to be good tracers of atmospheric winds.

Then, the backscatter signal is mixed with a reference beam to determine the Doppler

frequency shift. The frequency shift caused by a moving object is directly proportional

to the speed of that object, so that the wind speed can be calculated. In regions

with high aerosol loads, a high signal-to-noise ratio ensures accurate measurements.

In cleaner environments, such as Finland, extra processing and correction needs to

be done to increase the instrument sensitivity (Manninen et al., 2016; Vakkari et al.,

2019). Nevertheless, most of the data are limited to the BL or elevated aerosol layers,

where aerosol particles are more prevailing. A mixing layer height, that also can be

derived from a Doppler lidar, was used in Paper I in addition to other observations.
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3.3 Radars

Observations from the C-, W- and Ka-band radars were utilized in Paper I. Oper-

ating in Hyytiälä since 2016, the C-band Doppler radar (5 GHz, 5 cm) is a dual-

polarization weather radar that was set up to point vertically. The radar uses a 0.5-ms

pulse and the temporal resolution of observations is 1.37 s. The radar measures radar

reflectivity, mean Doppler velocity, spectral width, as well as linear depolarization ratio

which is possible due to a vertical operational mode.

Figure 6: The radar field in Hyytiälä station: The C-band radar is the biggest one,

the Ka-band radar to the left and the W-band radar is in front. Photo credit: Matti

Leskinen.

The W-band Doppler cloud radar is a 94-GHz frequency-modulated continuous

wave (FM-CW) radar (Küchler et al., 2017), operating in Hyytiälä since 2017. The

vertical and temporal resolutions are 25 m and 3.35 s, respectively, while the lowest

measurement height is 100 m. Similar to the C-band radar, this radar provides standard

radar spectral moments and LDR. Li and Moisseev (2020) performed comparison of

the C- and W-band observations in Hyytiälä.

The Ka-band Scanning Doppler cloud radar(Görsdorf et al., 2011) was deployed

to Hyytiälä for a short campaign during the spring-summer of 2018. This radar trans-

mits at 35 GHz (8.6 mm) and provides similar observations with a 30-m range resolution

and 0.75-s temporal resolution.
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3.4 Airborne in situ measurements

Airborne in situ measurements of aerosol particle concentrations were utilized inPaper

III, while potential temperature, relative humidity and temperature profiles were used

in Paper I. A light aircraft Cessna 172 was modified to perform research flights.

Intensive flight campaigns, with up to three flights per day, usually took place in the

springs during 2012-2018 to study new particle formation (Lampilahti et al., 2021) and

aerosol spatial distribution(Schobesberger et al., 2013; Leino et al., 2019). The flights

were taken in the vicinity of Hyytiälä with a one-hour steady ascent to an altitude of

about 3800 m above sea level followed by a one-hour descent. The air speed of the

airplane was about 130 km/h, which enabled quite a high vertical resolution of the

measurements. An instrument rack was installed into an unpressurized cabin instead

of back seats. The inlet for sampling the air was placed under the wing to avoid exhaust

from the engine. The collected air was transferred to the instruments via a stainless

steel tube with a flow rate of 50 Lmin−1. Aerosol instruments, utilized in Paper III,

included an ultrafine condensation particle counter (uCPC, model 3776, TSI inc.) to

determine the total aerosol particle number concentration; a scanning mobility particle

sizer (SMPS) and an optical particle sizer (OPS, model 3330, TSI Inc.) to measure the

size distribution of aerosol particles with diameter range of 10-230 nm and 300 nm - 5

μm, respectively. The temporal resolution of the SMPS was 2 min, which corresponded

to about 300 m vertical resolution, while the OPS had 10 s temporal and 80 m vertical

resolution. A pressure sensor (Vaisala PTB100B) was also situated inside the cabin,

whereas a temperature and RH sensor (Rotronic HygroClip-S) was installed under the

wing.
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4 Overview of main results

Different instruments have different measurement techniques to obtain the moisture

content of the air, and therefore, several terms to describe the amount of water vapour

in the atmosphere have been used in this thesis: water vapour concentration (Paper

I), water vapour mixing ratio (WVMR, Paper II) and relative humidity (RH, Paper

III). The water vapour mixing ratio is the ratio of the mass of water vapour in a unit

of air to the mass of dry air in the same volume and usually it is expressed in g/kg.

Relative humidity is defined as a ratio of the actual amount of water vapour and the

amount of water vapour needed for the saturation of air at a given temperature and

pressure.

4.1 Estimations of convective boundary layer height with

radars

In Paper I, we explored the potential of ground-based radars to provide a CBLH

using clear air echos during summer months. During this period, the atmosphere is

filled with insects, which, in the absence of clouds and precipitations, create scattering

seen as clear air echos by radars. Figure 7 shows an example of radar returns for one

day of observations from three radars that were utilized for this study: the C band

(Fig.7a,b), Ka band (Fig. 7c) and W band (Fig. 7d). These radars are situated close

to each other at the SMEAR II station in Finland. All radar observations show large

amount of insects in the atmosphere below 1300 m during the day, while night-time

insects are only seen in the mm-wavelength radars (the Ka and W bands). The general

structure of the CBL can already be visually identified in these figures.

Besides insects, Bragg scatter also contributes to the clear air echo seen in the C-

band (5 GHz) radar return. Visually, Bragg scatter is seen as a continuous line above

insects. Bragg scatter occurs due to strong perturbations in the refractive index of the

atmosphere caused by large gradients in the temperature and humidity (Melnikov et al.,

2011). It can take place, for example, at the boundary of the CBL and free troposphere

where such gradients exist. In our study, we proposed a mechanism to separate the

insect echoes from the Bragg scatter echoes based on a combination of reflectivity and

linear depolarization ratio (LDR). The reflectivity factors of Bragg scatter and insects

have quite similar values (Fig.7a). LDR values of insects are expected to be around
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Figure 7: One minute averaged radar returns for 9 May 2018 at SMEAR II: a) the

C band reflectivity factor, b) the C band linear depolarization ratio, c) the Ka band

reflectivity factor and d)the W band reflectivity factor. Note different colorbar scale

limits in the graphs. This figure is adapted from Paper I.

zero due to more nonspherical shapes, while LDR of Bragg scatter should be less than

-20 dB (Fig.7b).

Small weakly flying insects that are mainly following the air motion can be used for

a CBLH retrieval. However, independently flying insects can also be present in the

CBL and above during the day. As was noted earlier, the W band and especially Ka

band are also sensitive to the night-time insects. To exclude these independently flying

insects from the dataset, we suggested to use a threshold calculated using the Doppler

velocity for all radar bands.

In order to test our algorithm, we created time series of hourly mean values of the CBLH

derived using the insect echoes in May 2018 for the C and W bands and compared them

with the co-located Halo Doppler lidar retrievals and ERA5 reanalysis dataset (Fig. 8).

The Ka-band radar did not work during all the month and, therefore, was excluded from

the statistics. The days with low-level clouds and precipitation were excluded from the

calculations (16 and 17 May). The profiles of a typical CBL behaviour with a morning

growth and evening decay, are seen from the retrievals of both radars and coincide

often with other two methods. The best agreement is seen between the obtained

CBLH from the W-band radar and Doppler lidar observations, even in the morning

developing boundary layer and transitioning period in the evening. The retrievals using

the C-band radar showed more often an underestimation of the CBLH, compared to

the Doppler lidar and ERA5, most probably due to the lower sensitivity of the C band
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Figure 8: Time series of the CBLH during May 2018 derived using insects from the

a) W-band and b) C-band radars compared to the Halo Doppler lidar retrievals and

ERA5 reanalyses dataset. This figure adapted from Paper I.

to the smaller amount of insects at the top of the CBL and some of the insects being

recognised as Bragg scatter.

Due to unavailability of the whole month of data, we used the algorithm on the Ka-

band data for several available days. During clear sky days, the agreement with Doppler

lidar and ERA5 was as good as for the W band, with an identical behaviour in the

morning and in the transitional evening period. However, in the case where clouds

and precipitation were present during the night, the retrieval of CBLH during the day

using the Ka band were much closer to the Doppler lidar and ERA5.

4.2 Retrievals of water vapour mixing ratio from a lidar

PollyXT , a Raman lidar, is capable of providing water vapour mixing ratio (WVMR)

profiles with high temporal and vertical resolutions, yet the technique requires cali-

bration when changes are made to the configuration of the channels related to water

vapour. In Paper II, we compared several calibration methods that can be used in

the absence of on-site RS. Our alternative methods included the nearest RS that was
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Figure 9: The process of obtaining calibration factors for the Raman lidar PollyXT

with several methods: a) on-site RS, b) satellite data, c) modelled data and d) nearest

RS (100 km away, only for one site). Data points represent observations from three

sites in Finland: Hyytiälä, Kuopio and Pallas. The calibration factors are obtained

from the regression, shown in red. This figure adapted from Paper II.

100 km away, an NWP (Numerical Weather Prediction) model and a WVMR profile

derived from instruments on board a satellite. The calibration factor can be found

from a linear regression between an uncalibrated lidar signal and a WVMR profile

from another instrument (Fig. 9). Even though it is a common practice to use the

nearest RS for calibration, we observed the best agreement with profiles obtained from

the NWP model (Fig. 9c), especially for the several lowest kilometres. The agreement

between profiles from the on-site and the nearest RS were also good, yet there existed

some limitations (Fig. 9d). For example, during the transition evening periods in the

atmosphere from unstable to stable, the WV observations by the RS might not be

representative considering that RSs are typically launched twice a day.

The biggest discrepancies were found between WV profiles obtained from the nearest
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RS and those, derived from satellite observations (Fig. 9b). This could be explained

by the coarse spatial and low vertical resolution of the instruments on board satellites.

We proposed to use back trajectories when choosing the satellite footprint for compar-

ison with ground-based data instead of just using the nearest footprint. This method

allowed us to obtain a bit better agreement when comparing satellite data to PollyXT

and RS profiles.

Four years of PollyXT measurements in one of the sites in Finland, Kuopio site, exhib-

ited some seasonal variability: the highest concentrations were observed in summer,

while the lowest ones were in winter with very dry air above two km. The winter

season was characterised by low temperatures, which explains low moisture content in

the atmosphere. The WV profiles in spring and autumn showed quite similar values,

however, in September they were close to the summer values and in March to the winter

values.

4.3 Elevated aerosol layers seen by lidar and airborne obser-

vations

Ground-based HSRL observations and airborne in situ measurements were used to

study the temporal and vertical variability of the aerosol size distribution in the BL

and elevated layers in Paper III. Figure 10a displays a backscatter cross section of

the HSRL for three consecutive days in April 2014 in Hyytiälä, Southern Finland.

Larger values of the backscatter cross section (yellow colors) indicate higher aerosol

loads or larger sizes of aerosol particles. High aerosol concentrations often serve as a

characteristic of a BL, as aerosol particles emitted from sources at the surface tend to

accumulate there. Therefore, atmospheric layers, including a BL and a residual layer,

could already be visually recognised from the color gradient of the backscatter cross

section. Depolarization (Fig. 10b), that depends on the particle shape, confirms the

presence of atmospheric structures seen in the cross section and in some cases provides

additional information on the boundaries of the layers.

A wavelet decomposition method was applied to HSRL backscatter cross section and

depolarization profiles in order to identify a BL and other aerosol layers more accu-

rately. In the averaged profiles of a backscatter cross section, strong aerosol scattering

led to high peaks followed by sharp gradients, attributed to the edges of the layers.
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(a)

(c)

(b)

Figure 10: a) HSRL backscatter coefficient and b)circular depolarisation over Hyytiälä,

Finland during 810 April 2014, with 6-hourly radiosonde relative humidity profiles

superimposed in black. c)Layers diagnosed from gradients in backscatter cross section

or depolarisation, with the first layer (green) comprising both boundary layer and

residual layer. This figure adapted from Paper III.
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RH measurements taken every six hours, superimposed on the backscatter and depo-

larization graphs (Fig. 10a,b), also showed boundaries of different layers. In most of

the cases, changes in the RH profiles coincided with the gradient seen in the HSRL

observations. The recognised layers are presented in Fig. 10c, where the first layer

includes the CBL, the stable night layer and the residual layer. The residual layer

consist of the air of the CBL from the previous day and has a similar composition,

which makes it difficult to separate those two layers with a simple algorithm, used in

the paper III. Other studies have also shown that separating a residual layer from a

convective boundary layer with lidar data remains a challenging task (Münkel et al.,

2007; Haeffelin et al., 2012; de Arruda Moreira et al., 2018; Zhang et al., 2020).

The layers, recognised using the HSRL observations, provided a starting point to com-

bine aerosol size distributions measured at different heights using the SMPS and OPS

on board the airplane. Comparing two cases, clear-sky and partly-cloudy days, we

found less homogeneous mixing resulting in larger temporal and spatial variability

of the aerosol size distribution in the partly-cloudy BL, even though convection was

clearly present. The variability of aerosol size distribution in the elevated layers was

also large in both cases, revealing the absence of mixing in these layers.

The availability of data for three consecutive clear sky days made it possible to monitor

mixing between the layers based on changes in the aerosol size distribution. Nucleation

mode particles that were observed in one of the elevated layers could be formed in this

layer due to the absence of mixing with the BL since the previous day as seen from the

aerosol size distributions. A study done later by (Lampilahti et al., 2021) using similar

airborne in situ data confirmed the occurrence of new particle formation in the upper

residual layer in this boreal forest environment.

Moreover, we calculated 96 h back trajectories of air mass origins for every 50 m in

altitude using the HYSPLIT model (Stein et al., 2015) and also combined them into

layers according to similarities in their tracks in height and time. The altitudes of

the layers separated by the trajectories generally corresponded well with the layers

derived from the HSRL observations, except for a few cases and mostly related to BL

heights. These discrepancies appear due to challenges for the meteorological models to

accurately reproduce subgrid-scale features, such as vertical motions and turbulence,

and consequently, a BLH (e.g. Riddle et al., 2006; Holtslag et al., 2013; Hoffmann et al.,

2016). Therefore, the origin of elevated layers and their vertical extent can be more

accurately obtained when back trajectories are used together with a lidar or a RS.
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4.4 Obtaining nucleation mode particles with satellite data

Nucleation mode particles (D<0.25 μm) are too small to be detected by remote sensing

instruments directly, however, nucleation often takes place regionally and instruments

on board satellites could be perfect platforms to increase our knowledge on the spatial

and temporal variability of new particle formation events. The first proxies for deriving

nucleation mode aerosol particle concentrations were developed using ground-based

measurement made in Hyytiälä, Finland, and assessed with satellite observations over

the globe by Kulmala et al. (2011a). Several problems were revealed during the study,

which we attempted to address in Paper IV to improve these proxies. Moreover, we

evaluated proxies on ground-based observations made in South Africa, an environment

contrasting to Finland and where data from four measurement locations were available.

The proxies were calculated from sources and sinks. The sources were simplified to

concentrations of the precursor gases, NO2 and SO2, and UV-B radiation at the lower

troposphere, whereas the sink term, condensation sink (CS),takes into account pre-

existing aerosol particles that could serve as surfaces for precursor gases to condense.

Specifically, we analysed the relationship between condensation sink (CS), calculated

from the in situ measurements, and analogous parameter from the remote sensing in-

struments - aerosol optical depth (AOD). We found several differences, which explained

the poor correlation between these two parameters.

First of all, different aerosol sizes contribute more to these two parameters. CS is

determined mostly by the particles smaller than 1 μm, while for AOD aerosol particles

with sizes between approximately 0.2 to 0.8 μm play the most important role and

particles with diameters larger than 1 μm may also contribute significantly. Thereby,

small particles with diameter less than 0.1 μm influence CS, but has no effect on AOD,

and vice versa larger particles influence AOD but not CS.

Another reason for the disagreement between the values of AOD and CS are elevated

aerosol layers. AOD includes measurements from the whole atmospheric column, there-

fore, when elevated layers are present, they might contribute significantly. In fact, in

South Africa they can contribute up to 46 % of AOD according to study made by

Giannakaki et al. (2015), while in the North America it can be up to 60 % of AOD

(Berg et al., 2016).

To conclude, the correlation between nucleation mode particles and proxies, calculated
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using both ground-based and satellite data, remained low. There is a clear need for

more studies, revising the proxies, and more sophisticated satellite data products. Some

work on improving proxies further has been done by Sullivan et al. (2016) and Crippa

et al. (2017), where they included other parameters, such as the aerosol index, leaf area

index, and formaldehyde and ozone concentrations. Satellite data products with better

spatial resolutions are already becoming available also as, for example, the Tropomi

instrument on board Sentinel-5 launched in the end of 2017.
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5 Review of papers and author’s contribution

Paper I describes a novel method to obtain estimates of a convective boundary layer

height (CBLH) using insects echoes in radar observations. This method is also an

attempt to compare the consistency of retrievals between different radar frequencies:

5 GHz (the C band), 35 GHz (the Ka band) and 94 GHz (the W band). Retrieved

values of the CBLH from the radars from May 2018 were in a good agreement with the

BLH obtained with the co-located Halo Doppler lidar and ERA5 reanalysis dataset.

I developed the algorithm to obtain the CBLH with the help of the co-authors and

wrote most of the paper.

In order to get reliable water vapour profiles from a Raman lidar, a lidar needs to be

calibrated with known values. In Paper II, several calibration options were compared

in order to find a best possible alternative to a co-located radiosonde, which serves

as the best calibration method yet not always available at the lidar site. The nearest

radiosonde, numerical weather prediction (NWP) model and a satellite product were

used for comparison. Water vapour profiles modelled by the NWP models appeared

to be the best alternative, while measurements by the nearest radiosonde could be

another reliable option. I analysed the lidar data from Hyytiälä and contributed to

writing of the paper.

A combination of High Spectral Resolution Lidar (HSRL) observations and airborne

in situ measurements were utilized in Paper III to study aerosol layers in Southern

Finland. Boundaries of the CBL and elevated aerosol layers were retrieved using the

backscatter cross-section and depolarization of the HSRL. By taking into account layer

boundaries, mean aerosol number size distributions in the layers were calculated from

the airborne measurements and examined in terms of the temporal and spatial variabil-

ity. Mixing between the layers were also assessed. I took part in the flight campaigns

where we collected the data, conducted data analysis and wrote most of the paper.

Paper IV presents an attempt to improve the method proposed earlier to obtain

nucleation mode aerosol particles using satellite data. The correlation between the

parametrisations and in situ measurements of nucleation mode particle number con-

centrations remained low, however, we did a thorough comparison between the available

satellite products and parameters measured in situ. There is a lot of potential for im-

provements, both in formulating the parametrisations and using new satellite products.

I took part in the data analysis and writing of the paper.
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6 Conclusions and future perspective

The central aim of this thesis was to investigate the feasibility of obtaining new data

products from the existing remote sensing instruments as well as to use synergy of

the instruments to study aerosol particles from a different perspective. Figure 11

demonstrates a schematic overview of the instruments and atmospheric parameters,

utilized and studied in this thesis. The main instruments included ground-based active

remote sensing sensors, such as radars (Paper I) and lidars (Paper II,III); satellite

remote sensing observations (Paper II, IV), as well as airborne in situ measurements

(Paper I, Paper III).

Radar observations were used to develop a novel algorithm for estimating a convective

boundary layer height (CBLH). The method is based on using insects echoes, seen

in the radar observations during the spring and summer months in the absence of

low-level clouds and precipitation. Obtained CBLHs from all three radars of differ-

ent frequencies showed a good agreement with the CBLH calculated using lidar and

reanalyses data. This method will be adopted as an additional method of obtaining

the CBLH by measurement stations that belong to pan-European Aerosol, Clouds and

Trace Gases Research Infrastructure, which strives for harmonisation of instruments,

methods and delivered products. Additionally, this method also provides a beneficial

framework for future research and improvements. For example, the method could be

applied to longer time periods, other radar frequencies as well as observations from

other geographical locations with different summer temperatures, which might lead to

different insects behaviour. Further research is needed on the location and evolution

of the entrainment zone, which could also be retrieved from the C-band radar, and

its depth and boundaries matched the changes in water vapour concentration profiles

measured with the airborne instrument.

Another objective of the thesis, to find an alternative to a co-located radiosonde when

calibrating a Raman lidar in order to retrieve water vapour profiles, was fulfilled by the

study described in Paper II. Several methods were compared, and the most reliable

sources include the model and the nearest radiosonde, that was 100 km away. Initially,

satellite data from a co-located footprint showed a very low agreement. A method to

follow back trajectories and to use the same air masses was proposed, which improved

the correlation. Therefore, in the absence of all other sources for calibration, water

vapour profiles from satellite observations can also be used with caution. After the
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campaign in Finland, water vapour profiles derived from the Raman lidar PollyXT were

used to gather statistics on dry elevated aerosol layers in the United Arab Emirates

and to evaluate the efficiency of cloud seeding (Filioglou et al., 2020).

Figure 11: Schematic overview of the objectives and instruments, used in the thesis.

The third objective was to assess the spatial and temporal variability of elevated aerosol

layers in Finland. A ground-based High Spectral Resolution Lidar was used to locate

boundaries of a CBL and elevated aerosol layers, while in situ airborne measurements

showed variability of aerosol particle number size concentration in the layers. Arrival

heights of air masses back trajectories, combined into the layers, were compared to

the heights of the layers retrieved from the lidar. As a result, we recommend using

back trajectories of air mass origin together with lidar or radiosonde measurements for

obtaining more accurate information about long-range transport of aerosol particles.

One of the most challenging tasks we have attempted in Paper IV. The last objective

was to develop a method for obtaining nucleation mode particles using satellite data.

We were unable to develop a new method, however, we identified several bottlenecks

of the problem, that could be solved in the future with more advanced satellite in-

struments. Some new satellite products, for example, SO2 from Tropomi on board
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Sentinel-5P with a better resolution became recently available, and others are on the

way from both European Space Agency and NASA satellites. Furthermore, the re-

cent commercialisation of the space sector, so-called ”new space”, should also result in

innovations in the Earth Observation domain.
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Camp, F., Solanelles, F., Gràcia, F., et al. (2009). Obtaining the three-dimensional

structure of tree orchards from remote 2d terrestrial lidar scanning. Agricultural and

Forest Meteorology, 149(9):1505–1515.

Rothe, C., Schunk, M., Sothmann, P., Bretzel, G., Froeschl, G., Wallrauch, C., Zimmer,

T., Thiel, V., Janke, C., Guggemos, W., et al. (2020). Transmission of 2019-ncov in-

fection from an asymptomatic contact in germany. New England journal of medicine,

382(10):970–971.

Russell, R. W. and Wilson, J. W. (1997). Radar-observedfine lines in the optically clear

boundary layer: Reflectivity contributions from aerial plankton and its predators.

Boundary-Layer Meteorology, 82(2):235–262.

Sarangi, C., Tripathi, S., Mishra, A., Goel, A., and Welton, E. (2016). Elevated aerosol

layers and their radiative impact over kanpur during monsoon onset period. Journal

of Geophysical Research: Atmospheres, 121(13):7936–7957.

Satheesh, S., Moorthy, K. K., Babu, S. S., Vinoj, V., and Dutt, C. (2008). Climate

implications of large warming by elevated aerosol over india. Geophysical Research

Letters, 35(19).

Sayer, A. M., Hsu, N., Bettenhausen, C., Lee, J., Redemann, J., Schmid, B., and

Shinozuka, Y. (2016). Extending deep blue aerosol retrieval coverage to cases of

absorbing aerosols above clouds: Sensitivity analysis and first case studies. Journal

of Geophysical Research: Atmospheres, 121(9):4830–4854.

51
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