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Abstract 

      The atmospheric boundary layer (ABL) is either directly or indirectly related to different 

weather and climate phenomena. Aerosol and clouds can affect the Earth’s radiation budget 

and the whole climate system. The study of ABL, atmospheric aerosol, and clouds contributes 

to the improvement of environmental pollution prediction, weather prediction and climate 

models.  

      The main focus of my doctoral thesis was on the study of characteristics of ABL and 

properties of aerosol and clouds. During my studies, I pursued the following three research 

goals, which resulted in three papers of which I am the first author and which constitute the 

main body of this portfolio doctoral thesis. All three goals were successfully achieved. 

       The first goal was to derive and analyse the atmospheric boundary layer height (ABLH) 

over the Remote Sensing Laboratory (RS-Lab) in Warsaw (52.21°N, 20.98°E, 54 m a.s.l.), 

Poland. The collocated measurements of the CHM15k ceilometer (from January 2008 to 

October 2013) and the PollyXT Raman lidar (from July 2013 to December 2018) were used to 

derive the ABLH. A large sample of 1841 diurnal cycle ABLH retrievals were derived using 

the wavelet covariance transform method (WCT). A scaling threshold-based algorithm was 

proposed to homogenize ceilometer and lidar datasets, which improved the results’ coherence 

significantly. The statistical analysis of these long-term observations indicated pronounced 

seasonal changes of monthly mean diurnal cycles of ABLH. The annual and seasonal 

variability of 10 years of ABLH record revealed that it was affected by the change of the 

climate classification over the region, the global heating (El Niño) and cooling (La Niña), 

reflected in the changes of surface air temperature. The annual mean well-mixed layer (WML), 

residual layer (RL), and nocturnal layer (NL) under clear-sky and cloudy conditions were 

compared, indicating that the cloud cover and the urban heat island played an important role 

in the ABL processes. Finally, the frequency distribution of ABLH revealed a strong seasonal 

variability in terms of distribution peak and shape. 

       The second goal was to investigate optical properties of aerosol within ABL using the 

PollyXT Raman lidar data in Warsaw in July, August, and September of 2013, 2015, and 2016. 

Profiles stored in the EARLINET/ACTRIS database were used for statistical analysis. In total, 

246 sets of intact profiles were used, each set comprising the following intensive aerosol 

properties: the particle extinction (α) and backscatter coefficients (β), as well as linear particle 

depolarization ratios (δ) at 355 nm and 532 nm. From those, other properties were calculated, 

such as the aerosol optical depth (AOD), the lidar ratio (LR), and the Ångström exponent (ÅE). 

Interrelations between these different aerosol optical properties derived within boundary layer, 

as well as relations between them, the ABLH, the particulate matter (PM2.5 and PM10) and the 

relative humidity (RH) at the surface were studied. As a result, the AODABL and LRABL 
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revealed a positive correlation, the ÅEABL and LRABL a negative correlation, whereas the δABL 

with water vapor mixing ratio (WVABL) and the surface relative humidity (RH) showed 

negative trends. During the measured period, the aerosol composition within the boundary 

layer was assessed, which consisted of: urban anthropogenic pollution (∼ 61 %) or mixtures 

of anthropogenic aerosol with biomass burning aerosol (< 14 %), local pollen (< 7 %), or Arctic 

marine particles (< 5 %). No significant contribution of mineral dust was found within the 

boundary layer. 

      The third goal was to assess properties and vertical extent of tropospheric aerosol and 

clouds using the synergy of active and passive remote sensing instruments. Measurements over 

the period of June-August 2019 with the ESA’s Mobile Raman Polarization and Water Vapor 

Lidar (EMORAL), the LATMOS Bistatic Doppler Cloud Radar System for Atmospheric 

Studies (BASTA), and the INOE Scanning Microwave Radiometer (HATPRO-G2) were 

conducted over the PolWET peatland site in Rzecin (52.75°N, 16.30°E, 54 m a.s.l.), Poland. 

A new scheme for target classification (aerosol-cloud typing) was developed to determine 

molecules, aerosol (spherical, non-spherical, fine, coarse), the cloud phase (liquid, ice, 

supercooled droplets), using data synergetic combination of the three instruments. Different 

types of scatter targets (boundary layer particles, rain, drizzle, supercooled layer, ice cloud, 

liquid cloud, mixed-phase cloud, aerosol, and molecules) were successfully classified, which 

was demonstrated based on a case study in a meteorologically complicated situation. 
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Streszczenie 

      Atmosferyczna warstwa graniczna (z ang. atmospheric bounadry layer ABL) jest 

bezpośrednio lub pośrednio związana z różnymi zjawiskami pogodowymi i klimatycznymi. 

Aerozol atmosferyczny i chmury mogą wpływać na budżet promieniowania Ziemi i system 

klimatyczny. Badanie właściwości ABL, aerozolu i chmur przyczynia się do poprawy 

prognozowania zanieczyszczenia środowiska, prognoz pogody i modeli klimatycznych. 

      Głównym celem mojej pracy doktorskiej było badanie atmosferycznej warstwy granicznej 

oraz właściwości aerozolu atmosferycznego  i chmur. W swoich badaniach wydzieliłem trzy 

cele szczegółowe, które zaowocowały trzema publikacjami, których byłem pierwszym 

autorem, i które składają się na niniejsza pracę doktorską. Wszystkie trzy cele zrealizowałem. 

     Za pierwszy cel wziąłem badanie wysokości warstwy granicznej atmosfery (z ang. 

atmospheric boundary layer height ABLH) na podstawie analizy teledetekcyjnych pomiarów 

ceilometru CHM15k (od stycznia 2008 r. do października 2013 r.) oraz lidaru PollyXT (od 

lipca 2013 r. do grudnia 2018 r.) w Laboratorium Pomiarów Zdalnych (z ang. Remote Senising 

Laboratory RS-Lab) w Warszawie (52.21°N, 20.98°E, 54 m a.s.l.). Wykorzystałem je do 

wyznaczenia ABLH w skali ponad 10 lat. Wysoka próba statystyczna (1841) odzyskanych 

cykli dobowych ABLH została uzyskana przy użyciu metody transformacji kowariancji 

falkowej (z ang. wavelet covariance transform WCT). Algorytm oparty na wartościach 

progowych użytych do skalowania wartości ABLH został opracowany w celu ujednolicenia 

danych ceilometru i lidaru, a wykonane przeze mnie testy algorytmu wykazały znaczną 

poprawę spójności wyników. Analiza statystyczna długoterminowych obserwacji wykazała 

wyraźne sezonowe zmiany średnich miesięcznych cykli dobowych ABLH. Roczna i sezonowa 

zmienność ABLH ujawniła, że wpływ na nią miało globalne ogrzewanie (El Niño) i chłodzenie 

(La Niña), odzwierciedlone w zmianach temperatury powietrza na powierzchni. Ponadto 

porównanie średniej rocznej warstwy wymieszanej (z ang. well-mixed layer WML), 

rezydualnej (z ang. residual layer RL) i nocnej (z ang. nocturnal layer NL) w warunkach 

czystego nieba i zachmurzenia, wskazało, że pokrywa chmur i miejska wyspa ciepła 

odgrywały ważną rolę w procesach ABL. Wreszcie rozkład częstotliwości ABLH ujawnił silną 

zmienność sezonową pod względem maksymalnej amplitudy i kształtu rozkładu. 

      Drugim celem było zbadanie właściwości optycznych aerozolu atmosferycznego w 

warstwie granicznej. Wykorzystałem tu dane lidaru PollyXT w Warszawie w lipcu, sierpniu i 

wrześniu 2013, 2015 i 2016. Profile przechowywane w bazie danych EARLINET / ACTRIS 

zostały wykorzystane do badań statystycznych. W sumie zastosowano 246 zestawów profili 

własności optycznych, każdy zawierający współczynniki ekstynkcji (α) i rozproszenia 

wstecznego (β) na cząstkach aerozoli atmosferycznych, a także liniowe współczynniki 

depolaryzacji cząstek (δ). Profile te posłużyły mi do wyliczenia kolejnych własności 
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optycznych: grubości optycznej aerozolu (AOD), ilorazu lidarowego (LR) i wykładnika 

Ångströma (ÅE). Zbadałem zależności między różnymi właściwościami optycznymi aerozolu 

w warstwie granicznej oraz relacje między nimi a pyłem zawieszonym (PM2.5 i PM10) oraz 

wilgotnością względną (RH) przy powierzchni. W rezultacie AODABL i LRABL wykazały 

dodatnią korelację, AEABL i LRABL ujemną korelację, a δABL ze współczynnikiem mieszania 

pary wodnej (WVABL) i RH wykazały ujemne trendy. Kompozycja aerozolu w warstwie 

granicznej w analizowanym okresie składała się z: antropogenicznych zanieczyszczeń 

miejskich (∼ 61%) lub ich mieszanin z aerozolem pochodzącym ze spalania biomasy (<14%), 

lokalnym pyłkami biogenicznymi (<7%) lub cząstkami aerozolu transportowanego znad 

Arktyki (<5%). W warstwie granicznej nie stwierdzono znaczącego udziału pyłu mineralnego. 

      Jako trzeci cel postawiłem sobie badanie aerozolu i chmurami w troposferze przy użyciu 

synergii aktywnych i pasywnych pomiarów teledetekcyjnych. Pomiary wykonane w okresie 

od czerwca do sierpnia 2019 r. z wykorzystaniem mobilnego lidaru ramanowskiego ESA 

(EMORAL), bistatycznego dopplerowskiego radaru chmurowego LATMOS (BASTA) oraz 

skaningowego radiometru mikrofalowego INOE (HATPRO-G2) przeprowadzono na 

torfowisku w Rzecinie (52.75°N, 16.30°E, 54 m a.s.l.). Opracowany nowy schemat 

klasyfikacji cząstek, aerozolu i stanu fazy chmur na podstawie połączonych danych z trzech 

instrumentów pozwolił na szczegółową analizę rozproszenia (cząstki aerozolu w warstwie 

granicznej, aerozol sferyczny i niesferyczny, aerozol drobno i gruboziarnisty,  deszcz, mżawka, 

warstwa przechłodzona, chmura lodowa, ciekłą i fazy mieszanej). Zalety opracowanej 

metodologii zademonstrowałem dla studium przypadku podczas skomplikowanej sytuacji 

meteorologicznej. 
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Preface 

 

1.1 Introduction  

      The main topic of my thesis was to study atmospheric aerosol and cloud properties. Such 

a research goal cannot be realized without basic knowledge on aerosol abundant within the 

atmospheric boundary layer (ABL), in the free troposphere (FT), and in the lower stratosphere 

(LST). In order to learn about it, at first, I started to work on the ABL research. The height, 

structure, and evolution of ABL were investigated over Warsaw, using collocated lidar and 

ceilometer observations. Measurements of the CHM15k ceilometer (January 2008 to October 

2013) and the PollyXT Raman lidar (July 2013 to December 2018) were used to derive the 

atmospheric boundary layer height (ABLH) over the Remote Sensing Laboratory (RS-Lab) in 

Warsaw (52.21°N, 20.98°E, 54 m a.s.l.), Poland. After I completed the study on ABL retrievals, 

I was able to broaden the research – the next step was studying a more dynamic process 

between the aerosol and clouds within ABL and FT, and their differences. This work resulted 

in a publication entitled Variability of the boundary layer over an urban continental site based 

on 10 years of active remote sensing observations in Warsaw (Wang et al. 2020a). This study 

laid a solid base for the following research. For example, the scheme of ABL top height 

retrieval using a wavelet covariance method that I coded was used in another paper that I co-

authored on Modification of local urban aerosol properties by long-range transport of biomass 

burning aerosol (Stachlewska et al. 2018), where it helped to investigate the injection of 

aerosol particles from FT into ABL.  

      Apart from investigations of the ABL variability, I had to do more research on aerosol 

optical properties. This work was done using measurements of the PollyXT Raman lidar during 

three summer seasons over the RS-Lab in Warsaw. I did not focus on mastering the field of 

optical properties retrieval via direct calculations, and neither did I focus on the lidar 

development techniques. Instead, I explored an existing high-quality dataset and learned from 
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it in an efficient way, by conducting a statistical analysis. The final period chosen for this study 

covered a subset of measurements in July-September of 2013, 2015, and 2016, as they had the 

highest number of profiles available. I used the quality checked aerosol optical properties 

profiles (particle backscattering and extinction coefficients, as well as the particle 

depolarization ratio) stored in the EARLINET / ACTRIS Database, in order to derive mean 

aerosol optical properties within ABL. This work resulted in the second publication entitled 

Interrelations between surface, boundary layer, and columnar aerosol properties derived in 

summer and early autumn over a continental urban site in Warsaw, Poland (Wang et al. 2019). 

The knowledge on relations between the different aerosol optical properties within ABL was 

extremely useful for expanding further work. For example, I used this knowledge recently 

when I participated in the near real time (NRT) campaign for studying changes in the 

atmosphere during the COVID-19 lockdown. Comprehensive information on the atmospheric 

structure, its dynamics, and optical properties of aerosol within ABL and FT were derived from 

lidar measurements thanks to their high temporal and vertical resolutions. I compared the 

profiles for different observational sites (e.g. Warsaw, Barcelona, Leipzig) to assess their 

variability during the COVID-19 lockdown and beforehand. A report on this study that I co-

author is published as EARLINET/ACTRIS analysis of aerosol profiles during the COVID-19 

lock-down and relaxation period. A preliminary study on aerosol properties in the low and 

high troposphere (Nicolae et al. 2020). Another example is an analysis of aerosol particles in 

the very high troposphere and low stratosphere. This work resulted in co-authoring of a paper 

entitled The unprecedented 2017–2018 stratospheric smoke event: decay phase and aerosol 

properties observed with the EARLINET (Baars et al. 2019) that reports and discusses the 

geometrical and optical aerosol properties in the stratosphere (13-25 km) for twenty-eight 

European lidar stations, among others RS-Lab in Warsaw, the datasets of which I co-evaluated. 

This research encouraged me to deal with the most challenging topic and to make the final step 

of the doctoral work, namely investigate jointly aerosol and clouds properties. 

      I conducted a study on feasibility of aerosol and cloud typing, from the synergy of three 

remote sensing instruments within the framework of the ESA funded POLIMOS and RAMOS 

campaigns. Measurements over the period of June-August 2019 with the ESA’s Mobile Raman 

Polarization and Water Vapor Lidar (EMORAL), the LATMOS Bistatic Doppler Cloud Radar 

System for Atmospheric Studies (BASTA), and the INOE Scanning Microwave Radiometer 

(HATPRO-G2) were conducted over the peatland site in Rzecin (52.75°N, 16.30°E, 54 m a.s.l.), 

Poland. The core question was how to distinguish, in a meteorologically complicated situation, 

between spherical and non-spherical, fine and coarse sizes of aerosol, and how to discriminate 

liquid particles, ice cloud, supercooled droplets and precipitation. The main goal of my work 

was to develop an algorithm for complex aerosol-cloud typing, which would be a base for 

future studies on aerosol and cloud optical and microphysical properties. Data products from 

lidar, cloud radar and microwave radiometer were needed. I was aware of the lidar capabilities, 

so I mainly focused on performing and exploiting lidar observations, including an extensive 

data inversion (including retrieval of the attenuated backscatter signals, volume depolarization 



     Dongxiang Wang     PhD Thesis                                                          Preface                        
 

13 
 

ratio, atmospheric boundary layer height, range of aerosol optical properties, and backward 

scattering ratio). I also explored, in a statistical way, the cloud radar data provided by a partner 

institution (LATMOS, France) that provided level-1 products (reflectivity, Doppler velocity) 

and level-2 products (rain, drizzle, ice cloud, and liquid particles) and the microwave 

radiometer data provided by another partner institution (INOE, Romania) delivering profiles 

of temperature and relative humidity. Next, an extensive study was conducted on different 

methodologies of using the standard data available from the cloud radar and microwave 

radiometer. Finally, it was possible to design a concept in the aerosol and cloud classification, 

come up with a new algorithm and code it. Based on this work, a new achievement in aerosol 

and cloud categorization was made, which resulted in publishing the paper on Spatio-temporal 

discrimination of molecular, aerosol and cloud scattering and polarization using a 

combination of Raman lidar, Doppler cloud radar and microwave radiometer (Wang et al. 

2020b). A unique method to characterize molecules, aerosol particles and clouds within the 

range of the whole troposphere with high temporal and spatial resolution was developed. The 

molecules, aerosol (spherical, non-spherical, fine, coarse), the cloud phase (liquid, ice, 

supercooled droplets) and precipitation (drizzle, rain) were discriminated using the method. 

      This portfolio PhD thesis is a summary of the three published papers, which I am the first 

author of (Wang et al. 2019, 2020a, 2020b). An overview of the instrumentation used is 

reported in Chapter 2. The methodology is presented in Chapter 3. In Chapters 4 (boundary 

layer structure), 5 (aerosol properties within boundary layer) and 6 (aerosol and cloud 

properties within troposphere), I summarize the main content and added value of each 

published paper. The three papers are an integral part of this thesis and a published version of 

each paper is included in the respective Chapters. The outlook and future plans are given in 

Chapter 7.  

 

1.2 Significance of the research 

      The atmospheric boundary layer height (ABLH) plays a crucial role in boundary layer 

processes. The dispersion of anthropogenic pollutants (direction, altitude, and distance of 

transport) and resulting concentrations can interplay with and be influenced by the boundary 

layer structure and diurnal evolution (Gerbig et al., 2008). Thus, the atmospheric boundary 

layer height and its cycle are important parameters that can control air pollution by affecting 

the pollutants dispersion (Geiß et al., 2017). Accurate estimates of the boundary layer height 

are also important in climate modelling, as the boundary layer height and processes therein 

influence the output of models (Barlage et al., 2016).  

      Atmospheric aerosol of natural (e.g. volcanic ash, forest fire smoke) and anthropogenic 

origin (e.g. urban pollution), suspended within the boundary layer, in the free troposphere and 

low stratosphere, affects the Earth’s radiation budget. Aerosol particles, dependently on their 

properties, interact with the incoming solar short-wave radiation and the outgoing terrestrial 
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long-wave radiation (Kaufman et al., 2002). Depending on the aerosol type, they can scatter or 

absorb radiation, thus causing warming or cooling of the atmosphere locally, at the surface and 

at the top of the atmosphere (Seinfeld et al., 2016).  

   Anthropogenic activity has led to an increase in aerosol particle concentrations globally, 

and thus, increase of particles that act as cloud condensation nuclei and ice nucleating particles 

(Marinou et al., 2019). In addition, aerosol can lead to changes in cloud microphysics and 

atmospheric stability, which can further influence development of clouds and precipitation (Li 

et al., 2011). Clouds play a key role in Earth’s radiation budget and climate system. The effect 

of the change of atmospheric aerosol concentrations on the distribution and radiative properties 

of Earth’s clouds is the most uncertain component of the overall global radiative forcing. This 

uncertainty severely hampers future predictions of climate change (Hasekamp, 2010). A better 

understanding of aerosol and cloud properties and processes of their interaction is necessary to 

address uncertainties regarding climate change estimates (Seinfeld et al., 2016). 

       Knowledge on aerosol and clouds can help better assessment of their direct and indirect 

effects on the radiation transfer and the balance of the Earth-Atmosphere system. Therefore, 

measurements of boundary layer characteristics, as well as aerosol and cloud properties, are 

important for improving environmental pollution prediction and parameterization in weather 

and climate models. This PhD thesis deals with the atmospheric boundary layer, aerosol and 

clouds, strongly contributing to the aforementioned research field. 

 

1.3 Initial research hypothesis  

      Several scientific questions were posed within this PhD thesis: 

 

1. Is there an evident seasonal change in the diurnal cycle of the atmospheric boundary 

layer height over a continental urban site? 

2. Are there significant differences in seasonal boundary layer height distributions at 

night-time and daytime over a continental urban site?  

3. Does global atmospheric heating and cooling influence the variability of 

atmospheric boundary layer height over a continental urban site? 

4. How clouds forming close to the top of the boundary layer affect its retrieval? 

5. What are typical aerosol compositions in the atmospheric boundary layer over 

Warsaw? 

6. Is it possible to find clear relations between different aerosol optical properties and 

meteorological parameters? 

7. What are the limits of using synergy of ground-based remote sensing in providing 

high quality categorization of the atmospheric aerosol, clouds and precipitation? 
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Chapter 2 Instrumentation 

 

      In order to complete this study, several instruments were utilized to perform atmospheric 

observations. The core instruments are CHM15k ceilometer, PollyXT lidar, Mobile Raman 

Lidar, Doppler cloud radar, and microwave radiometer. All instruments were operated in a 

mode of quasi-continuous 24/7 observations, providing profiles covering almost the entire 

troposphere. Hence, observations of the characteristics of the boundary layer, and the 

properties of aerosol and cloud could be obtained in an exceptional height-time scale. The 

details of these instruments are described below: 

      The CHM 15k ceilometer (JenOptik/Lufft, Germany) was continuously operated in 

Warsaw from 1 January 2008 to 31 October 2013. It was installed on the roof-platform of the 

Remote Sensing Laboratory (RS-Lab) of the Institute of Geophysics at the Faculty of Physics 

of the University of Warsaw (21 m a.g.l.). The data was acquired with a temporal resolution of 

30 s and a spatial resolution of 15 m, with the maximum signal range of 15.36 km 

(corresponding to 1024 range-bins). The ceilometer is a custom designed unit with optimized 

field-of-view (Stachlewska et al., 2012). It comprises a diode-pumped Nd:YAG solid-state 

laser, which emits low-energy laser pulses (8 µJ), at a high frequency (5-7 kHz), at a 

wavelength of 1064 nm. The lowermost level of the overlap between the emitted laser beam 

and the receiver lens is at approximately 180 m and the full overlap is completed at 

approximately 800 m (Stachlewska et al., 2012). The data products that can be calculated 

comprise at the level-1, the attenuated backscatter signals (Wiegner et al., 2014) and at the 

level-2, the atmospheric boundary layer height (Wang et al.2020a), and the estimated 

backscattering coefficient profiles (Wiegner et al., 2014). 

      The PollyXT lidar was built in a scientific collaboration of the Institute of Geophysics at 

the Faculty of Physics of the University of Warsaw (UW, Warsaw, Poland) and the Leibniz 

Institute of Tropospheric Research (TROPOS, Leipzig, Germany). It was installed at the RS-

Lab in Warsaw in June 2013. After an extensive test-phase, the lidar started operation on 1 July 
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2013 and has performed quasi-continuous observations ever since. The lidar emits high-energy 

laser pulses of 180 mJ at 1064 nm, 110 mJ at 532 nm, and 60 mJ at 355 nm with a repetition 

rate of 20 Hz. The measurements are performed at 8-channels, using a large telescope and at 

4-channels, using a small telescope. The 8-channels detection unit (so-called 2α + 3β + 2δ + 

WV) enables the determination of the extinction coefficient profiles at 532 nm and 355 nm, 

the backscatter coefficient at 1064 nm, 532 nm and 355 nm, the depolarization ratio at 532 nm 

and 355 nm, and water vapor mixing ratio. The 4-channels detection unit (so-called 2α + 2β) 

is designated for obtaining the extinction and backscatter coefficient profiles at 532 nm and 

355 nm. The signals are recorded up to 48 km. The data of all channels is obtained with a 

standard 7.5 m vertical resolution in temporal steps of 30 s. The overlapping range of the laser 

beam and the large and small telescope is completed at roughly 400 m and 120 m, respectively 

(Engelmann et al., 2016, Stachlewska et al., 2018a).  

       The ESA Mobile Raman Lidar (EMORAL) uses the Nd-YAG laser (SpitLight 400, 

InnoLas, Germany) as a radiation source, operating at 1064 nm (112 mJ), 532 nm (103 mJ) 

and 355 nm (128 mJ). The laser emits all three wavelengths to the atmosphere simultaneously 

and collinearly, with a repetition rate of 10 Hz and pulse lengths of 5-7 ns. The backward 

scattered radiation is collected with a Cassegrain telescope (primary mirror of 300 mm, 

adjustable field of view of 2-3.6 mrad), then separated and filtered to detect 8 channels: 3 

elastic channels (1064 nm, 532 nm, and 355 nm), 3 vibrational Raman channels (for nitrogen 

at 387 nm, 607 nm and for water vapour at 407 nm), and 2 depolarization channels at 532 nm 

and 355 nm. All signals are recorded with an analogue and photon-counting mode, using the 

16-bits transient recorders (TR40-160, Licel, Germany), except for 1064 nm (only analogue). 

The raw signal height resolution is 3.75 m and the time resolution is adjustable (from 2 s to 1 

min). The full overlap height is at 400 m (Wang et al., 2020b). 

      From both lidars, different level data products can be calculated. The level-1 products 

comprise attenuated backscatter signals and the volume depolarization ratio (Stachlewska et 

al., 2017). The level-2 products are the water vapour mixing ratio, the atmospheric boundary 

layer height, the range of aerosol optical properties, and the scattering ratio (Stachlewska et al., 

2018b). The level-3 products comprise microphysical parameters (Janicka et al., 2017). 

       The Bistatic Radar System for Atmospheric Studies (BASTA) is a semi-operational 95 

GHz Doppler cloud radar, which uses the frequency-modulated continuous wave (FMCW) 

technique. The technique can be highly sensitive with much less power than traditional pulsed 

systems, there are some advantages and some disadvantages of using it. It provides real time 

24/7 vertical observations of the cloud vertical structure and vertical distributions of cloud 

properties (such as cloud fraction, cloud phase, cloud water content, etc). It uses a specific 

signal processing technique in such a way that the radar can challenge expensive radars and 

provide high-quality measurements of cloud and fog. The main products are reflectivity and 

Doppler velocity (level-1), obtained with 12.5 m, 25 m and 100 m vertical resolution and 3 s 

time resolution. The lower limit is 125 m for 3 modes. The 12.5-m mode is limited to 6 km. 
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The 25-m resolution mode covers the range up to 12 km. The 100 m resolution mode covers 

the range up to 18 km. The integration time is set to 3 s for each mode, and 9 s for 3 modes 

combined. The level-2 products (rain, drizzle, ice cloud and liquid particles and droplets) and 

the level-3 products (microphysical cloud properties) can also be obtained. The BASTA radar 

currently uses three successive modes for specific applications: the 12.5 m vertical resolution 

mode is dedicated to fog and low clouds, the 25 m mode is for liquid and ice mid-tropospheric 

clouds, and the 100 m is ideal for optically thin, high-level ice clouds (Delanoë et al., 2016). 

      The microwave radiometer (HATPRO-G2, Radiometer Physics GmbH) consists of 

two working bands at 22–31 and 51–58 GHz, each with seven channels. The vertical resolution 

is coarser than that for the other two instruments. Measurements with a temporal resolution of 

15 s and a height-dependent vertical resolution: 200 m from 0 to 2 km, 400 m from 2 to 5 km, 

and > 500 m for the heights above 5 km. The level-1 products are brightness temperatures. The 

level-2 products are integrated water vapour, the liquid water path, and the vertical profiles of 

absolute and relative humidity, water vapor, and temperature (Fragkos et al., 2019). 

      Apart from the above-mentioned core instruments, auxiliary sensors were used, e.g. the air 

monitoring station and weather station were used to obtain the particulate matters (PM2.5 and 

PM10) and surface relative humidity, respectively. 

      Particulate matter concentrations for particles with an aerodynamic diameter of less than 

2.5 and 10 µm (referred to as PM2.5 and PM10, respectively) were measured at the air quality 

monitoring site of the Warsaw Regional Inspectorate for Environmental Protection (WIOS) in 

Ursynow, Warsaw, located 6.5 km from the RS-Lab. The data measurements conducted at the 

State Environmental Monitoring stations are gathered in the JPOAT 2.0 air quality database of 

the National Chief Inspectorate for Environmental Protection (GIOS). These official, 

calibrated datasets with daily and hourly averaged PM2.5 and PM10 are accessible at 

http://powietrze.gios.gov.pl/pjp/archives (last access: 02 July 2020). The measurement 

uncertainty is below 30 % for the hourly concentrations. 

      The relative humidity at the surface was measured by the WXT510 (Vaisala, Finland) 

weather transmitter mounted on the roof platform of the RS-Lab at 21 m above the ground’s 

surface. The atmospheric temperature, and relative humidity profiles were obtained from the 

RS92 (Vaisala, Finland) radiosonde launched at two World Meteorological Organization sites 

located in Poland: WMO 12374 station in Legionowo (52.40°N, 20.96°E, 96 m a.s.l., circa 25 

km north of Warsaw). 
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Chapter 3 Methodology 

 

      This chapter is giving a theoretical bases for studies that I have conducted within my PhD 

thesis. I focused here on highlighting the most important equations governing the physical 

processes used in extensive analysis of remote sensing measurements and derived properties. 

3.1 Theoretical background 

      Remote Sensing means acquisition of information about an object or phenomenon without 

making physical contact with it. It can be used for detecting and monitoring the physical 

characteristics of atmospheric area (defined in terms of space-time resolution) by measuring 

radiation interacting with atmospheric constituents at a distance. Active remote sensors have 

their own source of energy (e.g. laser radiation), which they emit in the direction of the target 

area, then the sensors detect the radiation that is either reflected or scattered by the particles 

present in that area (typically backward scattering is measured) or that is absorbed and 

reemitted. Passive remote sensors do not have their own source of energy, they usually 

measure radiation emitted by natural sources (e.g. sunlight) that may be reflected, scattered or 

absorbed by the target (Campbell et al., 2011). In my work, I used active remote sensing with 

lidar, ceilometer, and cloud radar and passive remote sensing with microwave radiometer. 

      For the lidar, the backscatter signal P collected by the telescope can be described with the 

following equation (Klett, 1981): 

                                 𝑃 = 𝐶
𝑂

𝑅2
(𝛽𝑝 + 𝛽𝑚) exp {−2∫ (𝛼𝑝 + 𝛼𝑚)𝑑𝑟

𝑅

0
}                                            (1) 

where C is the instrumental constant, R is the range of the lidar signal, O is the overlap function 

that equals 1 at the complete overlap between the laser beam and the full field of view of the 

telescope, βp is the particle backscatter coefficient, βm is the molecular backscatter coefficient, 

αp is the particle extinction coefficient, αm is the molecular extinction coefficient. The aerosol 
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optical and microphysical properties and the boundary layer height can be derived from the 

lidar observations.  

      For the cloud radar, the signal of a power Pr returning to the receiving antenna (Skolnik, 

1980) is given by the following equation (2): 

                                                                  𝑃𝑟 =
𝑃𝑡𝐺𝑡𝐴𝑡𝜎𝐹

4

(4𝜋)2𝑅4
                                                                                   (2) 

where Pt is the transmitter power, Gt  is the gain of the transmitting antenna. Ar is the effective 

aperture of the receiving antenna, σ is the radar cross section, F is the pattern propagation factor, 

and R is the range. The properties of clouds and precipitation and the boundary layer height 

can be obtained from the cloud radar.  

      When it comes to the microwave radiometer (MWR), the temperature (T) and relative 

humidity (RH) profiles can be used to provide an important reference for the separation of 

aerosol layers and cloud types in a dry and wet environment. 

 

3.2 The calculations method of atmospheric boundary layer height and 

aerosol optical properties  

The atmospheric boundary layer height (ABLH) can be derived from the lidar backscatter 

signal, relying on aerosol load within the boundary layer that is higher than in the free 

troposphere (Stull, 1988). For ABLH retrieval, the most optimal is the wavelet covariance 

transform method (WCT) (Brooks, 2003). As for the WCT method applied in my studies, the 

covariance transform Wf of the Haar wavelet function h was used, defined as in the Equation 

(3):   

     𝑊𝑓(𝑎, 𝑏) =
1

𝑎
∫ 𝑃(𝑧)ℎ (

𝑧−𝑏

𝑎
)

𝑧2
𝑧1

𝑑𝑧,             ℎ (
𝑧−𝑏

𝑎
) =

{
 
 

 
 
+1          𝑏 −

𝑎

2
≤ 𝑧 ≤ 𝑏

+1          𝑏 ≤ 𝑧 ≤ 𝑏 +
𝑎

2

0                𝑒𝑙𝑠𝑒𝑤ℎ𝑒𝑟𝑒

                        (3) 

where P(z) is the lidar backscatter signal, z1 and z2 are the lower and upper limits of the signal, 

z is the altitude, then a is the dilation and b is the centre of the Haar wavelet function. 

      Aerosol optical properties can be derived in different ways. In this thesis, the particle 

extinction coefficient profiles at 355 and 532 nm were calculated from the so-called Raman 

lidar equation (Ansmann et al., 1990) using the Rayleigh law for molecules and the Ångström 

law (usually with ÅE=1) for aerosol particles (Ångström, 1929). The particle extinction 

coefficient (αp) was derived as in the Equation (4): 

https://en.wikipedia.org/wiki/Antenna_gain
https://en.wikipedia.org/wiki/Effective_aperture
https://en.wikipedia.org/wiki/Effective_aperture
https://en.wikipedia.org/wiki/Radar_cross_section
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                                                              𝛼𝑝 =

𝑑

𝑑𝑧
(ln(

𝑁

𝑃𝑁𝑧
2))−𝛼𝜆0

𝑚 −𝛼𝜆𝑁
𝑚

1+(
𝜆0
𝜆𝑁
)
𝑘                                                                (4) 

where N denotes the molecular number density of the nitrogen, λ0 is the emitted wavelength 

(355 or 532 nm), λN is the wavelength of the nitrogen channel (387 or 607 nm, respectively), 

PN is the Raman signal at the nitrogen channel, z is the distance from the lidar, αλi
m (i=0, N) is 

the molecular extinction coefficient at the emitted or the nitrogen wavelength, and k is the 

wavelength dependence of the particle. 

      The particle backscatter coefficient profiles (βp) at 355, 532 and 1064 nm were derived 

with the use of the obtained particle extinction coefficient profiles at 355 nm and 532 nm and 

calibrated at the height range free of aerosol.  

The particle lidar ratio (LR) is defined as the ratio of αp and βp. 

      The linear particle depolarization ratio (δp) was derived as the ratio of the cross channel 

and the corresponding total channel at the same wavelength, using the Equation (5): 

                                                            𝛿𝑝 =
(1+𝛿𝑚)𝛿𝑣(1+

𝛽𝑝

𝛽𝑚
)−(1+𝛿𝑣)𝛿𝑚

(1+𝛿𝑚)(1+
𝛽𝑝

𝛽𝑚
)−(1+𝛿𝑣)

                                                             (5) 

where, δv is the linear volume depolarization ratio, δm is the linear depolarization ratio of air 

molecules and βm is the molecule backscatter coefficient.   

     The vertical distribution of the Ångström exponent ÅE (355/532) was computed by using 

the profiles of aerosol extinction coefficient (αp) at 355 and 532 nm using the Equation (6):                                                                      

                                                                      Å𝐸 = −
ln(

𝛼𝑝 (𝜆1)

𝛼𝑝 (𝜆2)
)

ln(
𝜆1
𝜆2
)

                                                                            (6) 

      The aerosol optical depth within the boundary layer (AODABL) was calculated by 

integrating the extrapolated (to the ground) aerosol extinction profiles at 355 and 532 nm, from 

the height of Z1=0 to the height of the boundary layer top Z2=ABLH, as in the Equation (7): 

                                                                      𝐴𝑂𝐷𝐴𝐵𝐿 = ∫ 𝛼𝑝𝑑𝑧
𝑍2
𝑍1

                                                                                     (7) 

      The water vapour mixing ratio (WV) was obtained as the ratio of the Raman water vapour 

channel at 407 nm and the Raman nitrogen channel at 387 nm, using the Equation (8): 

                                                   𝑊𝑉 = 𝐶
𝑃𝐻2𝑂

𝑃N
exp (− (𝛼(𝜆𝐻2𝑂) − 𝛼(𝜆𝑁)))                                                  (8)                                                                                                     

where PN is the Raman backscatter signal at the nitrogen channel wavelength λN, PH2O is the 

Raman backscatter signal at the water vapour channel wavelength λH2O. 
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3.3 The aerosol optical properties retrievals for the target classification 

scheme  

      The continuous lidar, cloud radar and microwave radiometer measurements are needed for 

the 24/7 target classification scheme. From those measurements, profiles of physical quantities 

related to aerosol, clouds and precipitating particles, as well as profiles of meteorological 

parameters have to be obtained in with high spatio-temporal resolution. This is challenging for 

all three instruments. 

       For lidar, the described in Subchapter 3.2, Raman method (Ansmann et al., 1990) has its 

limitations in measured height, particularly during the daytime. Hence, the Raman method was 

considered as not sufficiently consistent in terms of quality and performance to provide 

products to be used in the 24/7 classification scheme. Instead, the Klett-Fernald method (Klett, 

1981; Fernald, 1984) was chosen to obtain the particle backscatter (βp) coefficient profiles. The 

elastic lidar signals were evaluated by solving the Bernoulli equation with the assumption of 

the height independent particle lidar ratio (LR), then they were calibrated at a certain height-

range of the atmosphere, where only molecular scattering occurs. It is of course difficult to 

choose the appropriate lidar ratio and the calibration range in the presence of low-level clouds 

or when aerosol load is high.  

Therefore, as a first step the attenuated backscatter coefficient (βa) was calculated (Baars et al., 

2017), as defined in the Equation (9): 

                                                                              𝛽𝑎 =
𝑃𝑅2

𝐶
                                                                                      (9)                      

with the C calculated as in the Equation (10): 

                                                    𝐶 =
𝑃𝑅2

(𝛽𝑝+𝛽𝑚) 𝑂
exp {2 ∫ (𝛼𝑝 + 𝛼𝑚)𝑑𝑟

𝑅

0
}                                                     (10) 

        The C is generally stable in a day-to-day scale or longer, thus it can be calculated once 

per day during the clear sky observation period. If there is no clear sky on the observational 

day, the C calculated on adjacent days with a clear sky period can be used. The βp profiles used 

for the C calculation are computed with the Klett-Fernald approach and the βm is calculated 

using the atmospheric profiles of the 1976 US standard atmosphere (note that also rawinsondes 

can be used, if available close to the observational site). The particle lidar ratio (LR) of 55 sr 

was used, being a reference applied at several European continental sites for long-term 

statistical studies. Finally, the instrumental constant C is calculated as the mean value of the 

height between 1 and 2 km in the equation (10). 

      As the next step, the determination of the quasi-particle backscatter coefficient profiles 

(quasiβp) is done (Baars et al., 2017). This comprises a 2-step procedure, where the equation (11) 
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gives the first guess of quasi*βp (indicated with *) that is used to obtain the quasi-particle 

extinction coefficient (quasip), as in the equation (12). Then, the equation (13) is used to 

calculate the final quasi-particle backscatter coefficient profile (quasiβp) that is proportional to 

the particle backscatter coefficient profile (βp). 

                                                 𝛽𝑝 = 𝛽𝑎 𝑒𝑥𝑝 {2 ∫ 𝛼𝑚𝑑𝑟
𝑅

0
} − 𝛽𝑚 

𝑞𝑢𝑎𝑠𝑖∗                                                       (11) 

                                                          
𝑞𝑢𝑎𝑠𝑖 𝛼𝑝 =   

𝑞𝑢𝑎𝑠𝑖∗ 𝛽𝑝 𝐿𝑅𝑝                                                                     (12)  

                                𝛽𝑝 ≈   
𝑞𝑢𝑎𝑠𝑖 𝛽𝑝 = 𝛽𝑎 𝑒𝑥𝑝 {2 ∫ (   

𝑞𝑢𝑎𝑠𝑖 𝛼𝑝 + 𝛼𝑚)𝑑𝑟
𝑅

0
} − 𝛽𝑚                               (13)             

      In the final step, the scattering ratio (SR) defined as the ratio of the quasi-total backscatter 

coefficient (quasiβ) and the molecular backscatter coefficient is calculated, as in the Equation 

(14) and then directly used in the classification scheme. 

                                            𝑆𝑅 =
  

𝑞𝑢𝑎𝑠𝑖 𝛽 

𝛽𝑚
= 

(   
𝑞𝑢𝑎𝑠𝑖 𝛽𝑝+𝛽𝑚)

𝛽𝑚
                                                          (14)             

      There is also the second parameter directly used in the classification scheme, namely the 

backscatter colour ratio (CR), which is defined as the ratio of the quasi particle backscatter 

coefficient at 532 nm and 1064 nm, as in the Equation (15):  

 

                                             𝐶𝑅 (532/1064) =
  

𝑞𝑢𝑎𝑠𝑖 𝛽𝑝 

 

532

  𝑞𝑢𝑎𝑠𝑖 𝛽𝑝 

 

1064
 
                                                                 (15) 
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Chapter 4 Variability of the atmospheric boundary layer in 

Warsaw 

 

4.1 Value-added of the PhD research 

      Lidar and ceilometer signals collected during 24/7 measurements were used to derive the 

atmospheric boundary layer height (ABLH) based on a dataset of 10 years of observations in 

Warsaw (Wang et al., 2020a). The bias of the ABLH calculation caused by the differences in 

each instrument set-up parameters was reduced. For this purpose, a scaling, threshold-based 

algorithm for homogenizing both datasets was developed and extensively tested. As a result, 

the correlation coefficient of ABLH derived from the collocated lidar and ceilometer 

measurements using the wavelet covariance transform method was strongly improved, from 

0.94 to 0.99. This result demonstrated that the methodology is reliable and can be used to 

provide coherent results for both datasets. The homogenization method workflow is given in 

Figure 1.  

      Based on the long-term observations, the diurnal, seasonal, and annual cycles of 

homogenized ABLH were calculated from lidar and ceilometer signals at the urban continental 

site in Warsaw. The structure and evolution of ABLH under clear-sky and cloudy conditions 

were analysed. The monthly mean diurnal cycles of ABLH showed pronounced changes for 

consecutive months. A clear prolongation of the summer season, and a somewhat smooth 

transition from late autumn to the winter season were captured. These phenomena were related 

to meteorological and climate conditions at the Warsaw site. A flattened-shape cycle of early 

winter months due to the urban heat island effect was observed. In addition, the effect of the 

global atmospheric heating (El Niño) and cooling (La Niña) that can influence the monthly 

and yearly variability of ABLHs in Warsaw was discerned. 
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Figure 1. The ABLH data evaluation workflow allowing for the derivation of homogenized datasets from the 

PollyXT lidar and the CHM15k ceilometer observations in Warsaw; adapted after Wang et al. 2020a. 

 

      In order to study ABLH in more detail, the nocturnal, residual and well-mixed layers were 

analysed and discussed separately. The results showed that ABLH characteristics can be 

affected by local surface conditions (resulting from differences in heat sources, heat capacities, 

surface roughness) and regional atmospheric structures (resulting in differences in the cloud 

cover and aerosol load).  

      A strong seasonal variability of the ABLH distribution (in height and shape) during 

daytime and night-time was observed. The ABLH night-time and daytime distributions for 

spring and summer seasons were similar in shape with a peak at 0.8–1.0 km. The autumn 

distributions have a characteristic plateau between 0.2–1.0 km. In winter, a strong peak at 0.2–

0.6 km was revealed. Regardless of the time of the day, the ABLHs above 1.6 km were most 

frequent in the summer.   

      Although long-term observations of the characteristics of the atmospheric boundary layer 

are highly needed in the scientific community, especially in urban environments, such 

information is scarce. Hence, the 10-year dataset obtained for Warsaw is very valuable. The 

assessment of temporal variations at different scales gives new, important insights. This work 

contributes to a better understanding of the ABLH evolution at an urban continental site in the 

Central Europe region and provides a set of important parameters and references that can be 

potentially used for improvements of weather prediction and climate models.  

      Currently, I am working on the analyses of the ABLH at four different sites in Poland. In 

this study, codes developed within my PhD research are vital. 
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4.2 Paper 1 

 

Published paper title: Variability of the boundary layer over an urban continental site based  

                                      on 10 years of active remote sensing observations in Warsaw. 

Authors: Dongxiang Wang, Iwona S. Stachlewska, Xiaoquan Song, Birgit Heese, and Anca  

                Nemuc. 

Bibliographic record: Remote Sensing, 12(2), 340, 2020. 

Link: https://doi.org/10.3390/rs12020340. 

Author Contributions (Stated explicitly in the published paper):  

 

      D.W. and I.S.S. jointly wrote the paper, prepared the figures and made an extensive 

literature review. I.S.S. designed the holistic study concept and lead this work, contributed to 

the development of both remote sensors, took care of the measurement quality assurance and 

data control and curation, developed the algorithm for homogenizing the lidar-to-ceilometer 

ABLHs. D.W. contributed with the development of numerical codes for retrieval of ceilometer 

and lidar data products and prepared statistics of ABLH. X.S. contributed with the ABLH 

algorithm development. B.H. contributed with lidar hardware and software developments. A.N. 

contributed with validation of the numerical codes. All authors contributed with interpretation 

and discussion of results and conducted merit paper revisions. All authors have read and agree 

to the published version of the manuscript. 
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Chapter 5 Interrelations between aerosol optical properties 

in Warsaw 

 

5.1 Value-added of the PhD research 

       A statistical analysis of aerosol optical properties derived within the atmospheric boundary 

layer from lidar long-term observations at the urban continental site in Warsaw was done for 

the subset of measurements conducted in July, August, and September of 2013, 2015, and 2016 

(Wang et al., 2019). The interrelations within the lidar-derived properties were established for 

different periods: the entire day (ET); at night-time, with respect to the nocturnal (NL) and 

residual boundary layers (RL); at sunrise, with respect to the morning transition layer (MTL); 

and from late afternoon until sunset, with respect to the well-mixed boundary layer (WML). 

Moreover, the relations between the aerosol optical properties within atmospheric boundary 

layer (ABL), the particulate matter (PM2.5 and PM10), and the relative humidity (RH) were 

investigated. 

      The aerosol optical depth (AODABL), lidar ratio (LRABL), particle depolarization ratio (δABL) 

and Ångström exponent (ÅEABL) derived at 355 and 532 nm within ABL, and the fine-to-

coarse mass ratio (FCMR, defined as PM2.5 /(PM10 - PM2.5)) derived from surface PM2.5 and 

PM10 measurements for the entire, nocturnal, and sunrise/sunset periods were calculated. The 

differences in wavelength-dependent properties were attributed to the different aerosol 

composition within ABL, that consisted mainly of the following aerosol types:  

(i) Urban anthropogenic pollution of local origin or pollution transported from areas 

over the Czech Republic via Silesia and/or Germany (61 %),  

or its mixtures with 
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(ii) grass and peatland biomass burning aerosol transported from Russia, Ukraine, and 

Belarus (14 %),  

(iii) pollen emissions of strictly local origin from Warsaw’s semi-natural green parks 

(7 %),  

(iv) marine particles transported mainly from the Arctic over the Baltic Sea (5 %). 

(v) For the remaining cases, the aerosol composition was regarded as being due to a 

mixture of more than two subcomponents (13 %). 

(vi) No significant contribution of mineral dust was found within the boundary layer. 

       The relations of different parameters are shown in Figure 2. The lidar-derived ABLH and 

AODABL exhibited a positive correlation. The LRABL showed a negative correlation with ÅEABL. 

A negative trend for δABL with water vapour mixing ratio (WVABL) and surface relative 

humidity (RH) were observed. The FCMR and surface RH showed a positive correlation. A 

weak negative correlation of the FCMR and δABL was discernible. Most interestingly, smaller 

particles with a high ÅEABL and lower LRABL and AODABL were observed under wetter 

conditions in the morning transition boundary layer, while larger particles with a lower ÅEABL 

and higher LRABL and AODABL were observed in the well-mixed boundary layer under drier 

conditions. 
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Figure 2. The relations of the aerosol optical properties derived within the atmospheric boundary layer, and 

particulate matter (PM2.5 and PM10), and the relative humidity in Warsaw for the period of July–September of 

2013, 2015, and 2016, based on the results in Wang et al. 2019. 

      This work is very important for the scientific community. Most of studies reported in 

literature so far are limited to the analysis of either AOD and/or LR values in the ABL. 

Comprehensive investigations of interrelations of aerosol optical properties in such an 

extensive range of various properties as done within my PhD work have not been reported so 

far, except for my own research (Wang et al. 2019). The provided characteristic parameters 

can well be used for future studies of boundary layer meteorology. The derived aerosol optical 

properties can be used to verify aerosol transport models. Furthermore, they can be used in the 

estimation of the aerosol radiative forcing in radiative transfer modelling, as well as for the 

validation of spaceborne lidar data, as e.g. in work I co-authored (Stachlewska et al. 2018). 

      Currently, I am involved in a research study that is using the obtained dataset to compare 

it with satellite measurements of CALIPSO and CATS lidars. 
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5.2 Paper 2 

Published paper title: Interrelations between surface, boundary layer, and columnar aerosol  

                                      properties derived in summer and early autumn over a continental  

                                      urban site in Warsaw, Poland. 

Authors: Dongxiang Wang, Dominika Szczepanik, and Iwona S. Stachlewska. 

Bibliographic record: Atmospheric Chemistry and Physics, 19, 13097–13128, 2019. 

Link: https://doi.org/10.5194/acp-19-13097-2019.   

Author Contributions (Stated explicitly in the published paper):  

 

      Author contributions. I.S.S. wrote the paper, obtained funding for the research, came up 

with the study approach, designed the methodology, performed the experiment, contributed to 

the development of the PollyXT lidar (Warsaw) and the lidar evaluation algorithms, took care 

of the quality assurance of lidar measurements and data products, and holistically interpreted 

the lidar results with respect to other data sources’ results (AERONET, PolandAOD-NET, and 

WIOS Monitoring Network). D.S. was responsible for the calculation of the aerosol optical 

property profiles (α, β, and δ) and their categorization for the EARLINET/ACTRIS database. 

D.W. was responsible for an extensive literature review, wrote the codes for the ABLH and 

the WV retrieval algorithms, and performed statistical analysis of the optical properties (ÅE, 

LR, δ, and WV). All authors contributed to revisions of the paper. 
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Chapter 6 Target classification using a combination of 

lidar, cloud radar and microwave radiometer 

 

6.1 Value-added of the PhD research 

      The atmospheric target classification is essential for studying aerosol and cloud properties. 

In general, target classification is a challenging task. Several groups developed target 

classification schemes using different techniques and methods. However, the majority of 

developments in this field were done in relation to satellite or airborne observations.  

      In the existing studies, atmosphere was classified using thresholds on the lidar products, 

such as: particle backscatter coefficient, and/or particle depolarization ratio and/or Ångström 

exponent. In my work, quantities used for classification were the scattering ratio (SR) to 

separate molecular, aerosol and cloud scattering regions and the backscatter colour ratio (CR) 

to discriminate an aerosol particle size. This is the first algorithm that uses thresholds on lidar-

derived SR and CR products to be applied in the classification scheme (Wang et al., 2020b).  

     The new target classification algorithm combines different capabilities of three ground-

based remote sensors – lidar, cloud radar, and microwave radiometer and can perform 

separation even in a meteorologically complicated situation. The workflow is in Figure 3. 

           Validated, state-of-the-art calibration and retrieval methods are applied to each 

instrument signals. Then the physical quantities are used in classification, so as  

(i) obtained from the lidar: profiles of scattering ratio, backscatter colour ratio, particle 

depolarization ratio,  

(ii) obtained from cloud radar: profiles of reflectivity and Doppler velocity, and  

(iii) obtained from microwave radiometer: profiles of temperature and relative humidity. 
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Figure 3. The flowchart of the target classification procedure using the combination of data from the lidar, cloud 

radar, and microwave radiometer; adapted after Wang et al. 2020b. 

 

     The new discrimination algorithm was established based on the thresholds that combine the 

existing knowledge for the individual sensors (results published in literature) with certain 

modifications assessed by conducting sensitivity studies of different parameters. Finally, a 

classification mask with different target types was achieved. The main advantage of this 

approach is that each instrument overcomes the limitations of the other ones in terms of 

detected targets. This makes it possible to thoroughly detect, characterize and discriminate very 

diversified (in sizes, shapes and phases) atmospheric aerosol, clouds and molecules, which 

would not be possible with a single-instrument approach.  

     Figure 4 shows 24 h measurement on 10 June 2019 in Rzecin (peatland environment) using 

the classification algorithm applied on the combined data of the three instruments. The 

atmosphere on that day was composed of very different aerosol and cloud types, rain and 

drizzle, whereby even melting layer phenomena was captured. The obtained retrieval for this 

case shows the excellent potential of the proposed method.  
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Figure 4. Synergy for molecule, aerosol and cloud identification derived from a combination of EMORAL 

Raman -polarization lidar, BASTA Doppler cloud radar, and HATPRO-G2 microwave radiometer over the 

PolWET site in Rzecin on 10 June 2019. 

       

        The new combined target classification created by the synergy of observations from three 

sensors is well demonstrated in Figure 4. The advantage of a synergetic use of ground-based 

instruments, together with the application of fully continuous measurements makes this 

methodology ideal to build in future detailed databases of aerosol and clouds observations and 

further studies of aerosol and cloud properties and types. It is crucial to use it in climatology 

research as a high-quality model input. The results obtained with such complex target 

classification scheme can also be used in research on the aerosol-cloud-ecosystem interaction 

process over wetland. 

      Currently, I am involved in a research related to long-term analyses of aerosol and cloud 

types over the Rzecin peatland. 

 

6.2 Paper 3 

Published paper title: Spatio-temporal discrimination of molecular, aerosol and cloud  

                                     scattering and polarization using a combination of Raman lidar,  

                                     Doppler cloud radar and microwave radiometer. 

Authors: Dongxiang Wang, Iwona S. Stachlewska, Julien Delanoë, Dragos Ene, Xiaoquan  

                Song, and Dirk Schüttemeyer. 

Bibliographic record: Optics Express, 28 (14), 20117-20134, 2020. 

Link: https://doi.org/10.1364/OE.393625.   
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Author Contributions (Stated explicitly in the published paper):  

 

      D.W. and I.S.S. wrote the paper, designed the study concept, conducted formal analyses, 

made an extensive literature review, and holistically interpreted the results. D.W. coded all 

algorithms and performed sensitivity tests to assess their performance. I.S.S. and D.S. 

contributed to the lidar development, setting up and conducting the experiment, as well as 

taking care of the quality assurance of lidar data. J.D. contributed with the cloud radar system 

development, the target classification for cloud radar, and its data interpretation. D.E. provided 

the microwave radiometer and contributed with the interpretation of its data. I.S.S. and X.S. 

developed a synergetic algorithm for target classification and contributed to the assessment of 

classification quality. I.S.S., D.W., D.E. and X.S. obtained funding to conduct the research. 

All authors contributed to the interpretation and discussion of the results and conducted 

revisions of the paper.  
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Outlook and future plans  

 

      During my PhD studies, I conducted research which culminated in the three above-

described papers constituting an integral part of my doctoral dissertation. During this process, 

several new questions were posed, new hypotheses arose, and new research topics opened to 

me and other members of the RS-Lab team. Those are already being investigated or shall be 

approached in the very near future: 

1. Interplay of clouds and the ABL, as connected to research regarding the 

characteristics of the ABL differences at the urban and peatland site in terms of 

structure and top height but also aerosol optical properties. Specifically, the effect of 

clouds on ABL evolution and structure in different seasons is to be studied, as well as 

the characteristics of ABL under different underlying conditions are to be compared 

and discussed.  

2. Interrelations regarding boundary layer aerosol properties were derived for 

summertime season (highest data availability). They will be further extended using 

long-term regular lidar observations in Warsaw. More observations shall allow to 

broaden the investigation of differences to other seasons. This will also allow for deeper 

research on distinguishing between sunset and sunrise aerosol properties relationships. 

3. Different characterizations of aerosol and cloud above the urban and peatland site in 

a statistical analyses approach will be possible using the developed lidar, cloud radar 

and microwave radiometer classification scheme. Aerosol and cloud properties from 

long-term measurements over the wetland environment will serve as an input for 

aerosol-cloud-ecosystem modelling. 

     Although to continue my research career, I will return back to China this year, I am looking 

forward to further deepen my collaboration with colleagues in the Remote Sensing Laboratory 

lead by Dr. hab. Iwona S. Stachlewska. 
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Appendixes 

 

Appendix 1.1 Lists of symbols and physical quantities 

Atmospheric boundary layer  -- ABL 

Atmospheric boundary layer height  -- ABLH 

Aerosol optical depth  -- AOD(λ) 

Ångström exponent  -- ÅE(λ1/λ2) 

Backscatter colour ratio -- CR(λ1/λ2) 

Entire time -- ET 

Free troposphere -- FT 

Fine to coarse mass ratio -- FCMR 

Lidar ratio  -- LR(λ) 

Lidar instrumental constant -- C 

Linear particle depolarization ratio  -- δ (λ) 

Morning transition layer -- MTL 

Molecule -- m 

Nocturnal layer -- NL 

Particle extinction coefficient  -- α 

Particle backscatter coefficient  -- β 

Particle -- p 

Particulate matter with diameter <10 μm; <2.5 μm -- PM10; PM2.5 

Residual layer  -- RL 

Relative humidity -- RH 

Scattering ratio -- SR 

Temperature -- T 

Water vapor mixing ratio  -- WV 

Well-mixed layer -- WML 

Wavelet covariance transform method -- WCT 

Wavelength -- λ  
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Appendix 1.2 Lists of acronyms 

Aerosol, Clouds, and Trace gases Research Infrastructure -- ACTRIS 

Bistatic Radar System for Atmospheric Studies -- BASTA 

European Space Agency -- ESA 

ESA Mobile Raman Lidar -- EMORAL 

European Aerosol Research Lidar Network -- EARLINET 

University of Warsaw -- UW 

Laboratoire Atmosphères, Milieux, Observations Spatiales -- LATMOS 

Leibniz Institute of Tropospheric Research  -- TROPOS 

Microwave radiometer -- MWR 

National Chief Inspectorate for Environmental Protection -- GIOS 

Near real time -- NRT 

Polish Radar and Lidar Mobile Observation System -- POLIMOS 

Romanian Atmospheric Mobile Observation System -- RAMOS 

Remote Sensing Laboratory -- RS-Lab 

Romanian National Institute of R&D for Optoelectronics -- INOE 

Warsaw Regional Inspectorate for Environmental Protection -- WIOS 
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Appendix 2 Co-authored publications (during PhD study) 

 

A 2.1 Publications in IF journals (Metrics: ResearchGate, H-index 3, citations 28) 

(1) Wang, D., Stachlewska, I. S., Delanoë, J., Ene, D., Song, X., Schüttemeyer, D.: Spatio-    

      temporal discrimination of molecular, aerosol and cloud scattering and polarization using  

      a combination of Raman lidar, Doppler cloud radar and microwave radiometer. Optics    

      Express, 28 (14), 20117-20134. doi.org/10.1364/OE.393625. 2020b.  

      (IF=3.561, 0 Citations, Ranking list of MNISW: 140 pkt. physics) 

(2) Wang, D., Stachlewska, I. S., Song, X., Heese, B., and Nemuc, A.: Variability of the  

      boundary layer over an urban continental site based on 10 years of active remote sensing  

      observations in Warsaw. Remote Sensing, 12(2), 340. doi.org/10.3390/ rs12020340. 

      2020a. 

      (IF=4.118, 3 Citations, Ranking list of MNISW: 140 pkt. earth sciences) 

(3) Wang, D., Szczepanik, D., and Stachlewska, I. S.: Interrelations between surface,      

      boundary layer, and columnar aerosol properties derived in summer and early autumn  

     over a continental urban site in Warsaw, Poland. Atmospheric Chemistry and Physics, 19,  

     13097–13128. doi.org/10.5194/acp-19-13097-2019. 2019.  

      (IF=5.668, 4 Citations, Ranking list of MNISW: 140 pkt. physics/earth sciences) 

(4) Baars, H., Ansmann, A., Ohneiser, K., Haarig, M., Engelmann, R., Althausen, D., Hanssen,  

      I., Gausa, M., Pietruczuk, A., Szkop, A., Stachlewska, I. S., Wang, D., Reichardt, J.,  

      Skupin, A., Mattis, I., Trickl, T., Vogelmann, H., Navas-Guzmán, F., Haefele, A., Acheson,  

      K., Ruth, A. A., Tatarov, B., Müller, D., Hu, Q., Podvin, T., Goloub, P., Veselovskii, I.,  

      Pietras, C., Haeffelin, M., Fréville, P., Sicard, M., Comerón, A., Fernández García, A. J.,  

      Molero Menéndez, F., Córdoba-Jabonero, C., Guerrero-Rascado, J. L., Alados-Arboledas,  

      L., Bortoli, D., Costa, M. J., Dionisi, D., Liberti, G. L., Wang, X., Sannino, A.,  

      Papagiannopoulos, N., Boselli, A., Mona, L., D'Amico, G., Romano, S., Perrone, M. R.,  

      Belegante, L., Nicolae, D., Grigorov, I., Gialitaki, A., Amiridis, V., Soupiona, O.,  

      Papayannis, A. Mamouri, R.-E., Nisantzi, A., Heese, B., Hofer, J., Schechner, Y. Y.,  

      Wandinger, U., and Pappalardo, G.: The unprecedented 2017–2018 stratospheric smoke  

      event: Decay phase and aerosol properties observed with EARLINET. Atmospheric  

      Chemistry and Physics, 19, 15183–15198. doi.org/10.5194/ acp-19-15183-2019. 2019.  

      (IF=5.668, 3 Citations, Ranking list of MNISW: 140 pkt. physics/earth sciences) 

(5) Stachlewska, I.S., Samson, M., Zawadzka, O., Harenda, K.M., Janicka, L., Poczta, P.,  

      Szczepanik, D., Heese, B., Wang, D., Borek, K., Tetoni, E., Proestakis, E., Siomos, N.,  

      Nemuc, A., Chojnicki, B.H., Markowicz, K.M., Pietruczuk, A., Szkop, A., Althausen, D.,  

      Stebel, K., Schüttemeyer, D., Zehner, C.: Modification of Local Urban Aerosol Properties  

      by Long-Range Transport of Biomass Burning Aerosol. Remote Sensing, 10(3), 412.  

      doi.org/10.3390/rs10030412. 2018.  

      (IF=4.118, 18 Citations, Ranking list of MNISW: 140 pkt. earth sciences) 
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A 2.2 Scientific reports 

Nicolae, D. and 74 authors a.o. Stachlewska, I.S., Szczepanik D., Wang, D., Fortuna, R., 2020: 

EARLINET/ACTRIS analysis of aerosol profiles during the COVID-19 lock-down and 

relaxation period. A preliminary study on aerosol properties in the low and high troposphere. 

https://www.earlinet.org/index.php?id=covid-19-reports. 

 

A 2.3 Conference proceedings with first author 

(1) 23, April 2020, the POLIMOS progress meeting, oral presentation (online, Warsaw) 

     Dongxiang Wang, Iwona S. Stachlewska, Julien Delanoe, Dragos Ene, Bogdan  

     Chojnicki, Xiaoquan Song, Dirk Schuettemeyer.: The aerosol and cloud retrieval from the  

     synergy of lidar, radar and microwave radiometer measurements.  

(2) 18-22, November 2019, the ACTRIS Remote Sensing meeting, poster presentation  

     (Rome, Italy) 

     Dongxiang Wang, Julien Delanoe, Florica Toanca, Xiaoquan Song, Iwona S. 

     Stachlewska.: Aerosol and cloud classification using lidar and radar observations   

     at a peatland site. 

(3) June 24-28, 2019, the 29th International Laser Radar Conference (ILRC29), oral  

     presentation (Hefei, China).  

     Dongxiang Wang & Iwona S. Stachlewska: Stratospheric smoke properties based on  

     lidar observations in August 2017 over Warsaw. 

(4) April 1-3, 2019, final ACTRIS Workshop, poster presentation (Darmstadt, Germany) 

     Dongxiang Wang., Dominika Szczepanik., Iwona S. Stachlewska.: Interrelations between  

     surface, boundary layer and columnar aerosol properties over a continental urban site. 

(5) March 12-14, 2019, the POLIMOS Workshop, poster presentation (Poznan, Poland) 

     Dongxiang Wang., Kamila Harenda., Patryk Poczta., Julien Delanoe., Iwona S.  

     Stachlewska.: Preliminary analysis of ground-based lidar and cloud lidar  

     observation at Rzecin peatland - a case study. 

(6) July 3-5, 2018, the 1st European Lidar Conference (ELC), poster presentation               

     (Thessaloniki, Greece) 

     Dongxiang Wang, Iwona S. Stachlewska, Xiaoquan Song, Birgit Heese.: Seasonal    

     changes in diurnal boundary layer cycle over Warsaw. 

(7) May 22-25, 2018, the 19th International Symposium for the Advancement of Boundary- 

      Layer Remote Sensing (ISARS), oral presentation (Cologne, Germany) 

     Dongxiang Wang, Iwona S. Stachlewska, Xiaoquan Song, Birgit Heese.: Variability of 

     boundary layer evolution over an urban continental site based on 10 years of remote 

     sensing observations in Warsaw, Poland. 
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Appendix 3 Activities in projects (during PhD study) 

 

A 3.1 Participation in projects  

Combined lidar-radar technique for studies of aerosol-cloud interaction in troposphere. 

https://www.ncn.gov.pl/sites/default/files/listy-rankingowe/2018-03-15/streszczenia/410514-en.pdf 

   Role: Project leader.  

   National project with international scientific collaboration with LATMOS, France. 

   Source of financing: National Science Centre - Poland, PRELUDIUM.  

   Period: January 15, 2019 – January 14, 2021. 

 

Technical assistance for Polish Radar and Lidar Mobile Observation System (POLIMOS).  

   Role: Investigator / PhD student 

   International R&D project with several partners, PULS Poland, LMU Germany, and 

   LATMOS France, and private sector Raymertics Greece. 

   Source of financing: European Space Agency, ESTEC. 

   Period: April 10, 2017 – August 31, 2020. 

 

A 3.2 Participation in field campaigns 

June 2018 - participated in the Carbon Dioxide and Methane Mission for HALO (CoMET) 

campaign organized by German Aerospace Center (Germany) and AGH University of 

Science and Technology (Poland).  

May 2018 - participated in the POLIMOS 2018 campaign organized by University of 

Warsaw (Poland) and Poznan University of Life Sciences (Poland). 

August 2019 - participated in the POLIMOS-RAMOS 2019 campaign organized by 

University of Warsaw (Poland), Poznan University of Life Sciences (Poland), and Romanian 

National Institute of R&D for Optoelectronics-2000 (Romania). 

 

A 3.3 Scientific visits abroad 

June 2019, I visited the Laboratoire Atmosphères, Milieux, Observations Spatiales (LATMOS) 

in France with purpose of acquiring sufficient knowledge on working with cloud radar 

instrument and data products.  

https://www.ncn.gov.pl/sites/default/files/listy-rankingowe/2018-03-15/streszczenia/410514-en.pdf


        Dongxiang Wang   PhD Thesis                                                       Appendix 
 

130 
 

 

 

 

Appendix 4 Agreements from publishers and co-authors 

 

All three papers comprising this PhD thesis are published under the Creative Commons 

Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/) that is allowing to use 

them as a part of this thesis. 

 

All co-authors agreed to use of published papers in PhD thesis of Dongxiang Wang 

(agreements on 29/06/2020).  
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Published paper title: Variability of the boundary layer over an urban continental site based  
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