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Abstract. This work presents analysis of Doppler lidar-derived vertical aerosol fluxes in urban ecosystems. Based on long-
term multi-seasonal measurements, we characterized the dependence of aerosol flux occurrence frequency, direction of the
transport and velocity regime on seasons, diurnal cycle and altitude. To synthesize the results, we introduced the term aerosol
flux intensity factor and applied it based on the aerosol flux parameters described above. This constitutes the first data analysis
and characterization of vertical aerosol fluxes for an urban environment, based on multi-year (2022 -2024) Doppler lidar data
in Warsaw, Poland. For additional data filtering, we used data products from co-located microwave radiometer and
disdrometer. The measurements were conducted within the routine observations of the Cloud Observations Network
(Cloudnet-ACTRIS) at the Warsaw Observatory Station (WOS), an ACTRIS National Facility operated by the University of
Warsaw, located on the roof platform of the Institute of Geophysics, Faculty of Physics, University of Warsaw (IGF UW). We
observed that acrosol fluxes are most intense during Spring (MAM), particularly at the lowest altitudes during the midday
Well-Mixed Layer presence. Summer and autumn (JJA and SON) represent transition periods between spring and winter
(DJF), while in winter the aerosol flux intensity is generally low. Our findings suggest that the seasonal distribution of aerosol
flux intensity is strongly asymmetric. After DJF, abrupt changes in vertical transport lead to a rapid intensification of aerosol
fluxes over a single seasonal transition, while after spring the intensity decreases gradually. This work contributes to the multi-
seasonal characterisation of aerosol flux intensity, providing a priori knowledge for aerosol vertical transport in the urban
environment, and enhancing atmospheric aerosol optical property assessments, particularly in calculations based on temporal
averages. The proposed methodology provides the basis for performing similar analysis at other ecosystems or measurement

sites.

1. Introduction

The atmospheric boundary layer (ABL) is the lowest part of the troposphere, containing the majority of the atmospheric
aerosols (Stull, 1988; Sorbjan 1989). Aerosols have a significant impact on the radiative transfer (Coakley et al., 1983) and
clouds microphysics (Twomey et al., 1977) by altering the scattering and absorption properties of the atmosphere (Haywood
and Boucher, 2000), affecting air quality (IPCC, 2023) and ultimately contributing to climate changes (Twomey et al., 1977).
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Atmospheric aerosols exhibit significant variability in their properties, such as chemical composition, size distribution, and
origin. This variability determines their complex roles in radiative forcing and cloud formation, with important implications
for air quality (IPCC, 2021). Long-range transport and vertical distribution of aerosols are important factors for assessing the
uncertainty in aerosol radiative forcing (Chen et al., 2023; Chung et al., 2005; Mishra and Shibata 2012), cloud formation
(Fridlind et al., 2004) and dispersion of air pollution (Wang et al., 2018). The influence of aerosols on climate varies with
altitude (Tian et al., 2017) and their vertical distribution plays a dominant role in this regard (Wang et al., 2018; Sun et al.,
2024; Gui et al., 2022). The sources and transport processes of atmospheric aerosols remain difficult to characterize (Kim et
al., 2021). Atmospheric aerosols have many possible origins (Janicka et al., 2017; Yang et al., 2020; Janicka et al., 2023;
Szczepanik et al., 2023), and can easily be influenced by atmospheric factors such as radiation, humidity, precipitation and
temperature, leading to changes in their microphysical and optical properties (Guo et al., 2018). Nevertheless, to travel over
long distances aerosols need to be transported to higher altitudes by a vertical air movement. Therefore, resuspension and
sedimentation processes play a key role not only in vertical transport but also in horizontal transport, as they lift aerosol
particles to altitudes where long-range advection becomes possible. These processes are interconnected: emission and
resuspension represent the initial stages of aerosol transport, while sedimentation and deposition represent the final aspects of
the aerosol particle's lifecycle. Within this framework, resuspension and sedimentation in the atmospheric boundary layer are
crucial, as they govern vertical distribution, horizontal transport, and overall aerosols lifespan. Therefore, a multi-seasonal
characterization of these processes in ABL is justified and worth further investigation across different ecosystems.

Acrosol sedimentation and resuspension, associated with vertical aerosol fluxes, can be studied using the Eddy Covariance
(EC) technique with use of in-situ instruments. Vertical aerosol fluxes are defined as the covariance of aerosol mass
concentration and vertical air velocity (Jarvi et al., 2009). However in-situ instruments are limited in either spatial or temporal
resolution, depending on whether the instrumentation is installed on ground-based EC-towers or aircraft. Recent studies
demonstrated the application of the remote sensing techniques, such as Doppler lidar measurements, in atmospheric turbulence
research at high temporal and spatial resolutions (Engelmann et al., 2008; Dai et al., 2021; Karasewicz et al., 2024; Abril-Gago
et al., 2025). Since aerosol fluxes are inherently linked to fluctuations in the backscatter coefficient, these dynamics also
directly influence the uncertainty of aerosol optical property assessments, particularly in calculations based on temporal
averages.

The use of Doppler lidar measurements in combination with the EC technique can extend information to a wider range of
altitudes, maintaining continuous temporal observations. The lidar-based EC method utilizes the lidar backscatter coefficient
as an alternative for aerosol mass concentration and lidar-derived vertical velocity at different altitudes (Engelmann et al.,
2008). Thus, remote measurements of vertical aerosol fluxes and their characterization across full height of ABL are possible.
Additional support from other remote sensing instruments can further expand the qualitative analysis of vertical transport
characteristics.

This paper presents the very first analysis and characterization of vertical aerosol fluxes in an urban environment based on

multi-year (2022 -2024) Doppler lidar data from Warsaw, Poland. The main instrumentation used in this study was the Doppler
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lidar system (StreamLine XR, Halo Photonics) installed on the roof platform of the Warsaw Observatory Station (WOS),
ACTRIS National Facility, located at the Institute of Geophysics, Faculty of Physics of the University of Warsaw (IGF UW).
Additionally, data products from co-located microwave radiometer and disdrometer were used to improve the results.

This paper is structured as follows: a description of the measurement sites and instrumentation is presented in Section 2.
Sections 3 and 4 describe the methodology and data analysis, respectively, while section 5 summarizes the findings and

discusses future perspectives.

2. Experimental Site and Instrumentation

The Warsaw Observatory Station (WOS; 52°12'N, 20.°58'E; 112 ma.s.l.) run by the Remote Sensing Laboratory (RS-Lab)
at the Institute of Geophysics, Faculty of Physics of the University of Warsaw operates as part of the Aerosol, Clouds and
Trace Gases Research Infrastructure (ACTRIS-ERIC) and ACTRIS-PL. The site is an ACTRIS National Facility. The exact

location of the station is presented in Fig. 1.
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Figure 1: Location of the Warsaw Observatory Station (WOS) - ACTRIS-ERIC National Facility. Doppler lidar, microwave
radiometer and disdrometer used in our study are installed on the roof platform of the Institute of Geophysics, Faculty of Physics,
University of Warsaw (IGF UW) in the centre of this major urban Polish agglomeration. Sources of Maps: Esri, TomTom, Garmin,
FAO, NOAA, USGS, OpenStreetMap contributors, and the GIS user community | Powered by Esri. Source of photograph:
www.igf.fuw.edu.pl , author: Marcin Polkowski (left), Maciej Karasewicz (right).
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The co-located Doppler lidar, microwave radiometer and disdrometer measurements are a part of the Cloud Observations
Network (Cloudnet-ACTRIS) routine observations. The three instruments operate continuously, providing data at high
temporal resolution. The Doppler Lidar and microwave radiometer provide high spatial resolution data as well. Each
instrument is described below.

StreamLine XR (Halo Photonics) Doppler lidar system is equipped with a solid-state pulsed laser emitting at 1.5 um and a
heterodyne detector with fiber-optic technology. The instrument operates using a pulse energy of 100 uJ; pulse duration of
200 ns and a pulse repetition rate of 10 kHz (Karasewicz et al., 2024). A more detailed description of the Doppler lidar system
can be found in (Pearson et al., 2009). The lidar signal was recorded continuously in vertical stare mode, providing products
at 30 m spatial and 1 s temporal resolution. The system provides the vertical wind profiles (w) and attenuated backscatter
coefficient (f,+) components.

Microwave radiometer (HATPRO-G2) operates in two frequency bands at 22-31 and 51-58 GHz, each with seven channels,
(Fragkos et al., 2019), with a temporal resolution of 20 s and a height-dependent vertical resolution (Rose et al., 2005). The
level-2 products include integrated water vapour, liquid water path, and the vertical profiles of absolute humidity, relative
humidity, water vapour, temperature and boundary layer height (Labzovskii et al., 2018). A more detailed description of the
instrument can be found in Wang et al. (2020a).

OTT Parsivel?> HydroMet disdrometer is equipped with a horizontally aligned laser emitter and receiver, connected to the main
body by supporting arms. The laser beam power is converted into an electrical signal by a photodiode, and the signal is
attenuated by any hydrometeor or other object passing through the beam field (Chinchella et al., 2020).

Since the spatial and temporal resolution of the data provided by each instrument differ, interpolation to common resolutions
was necessary. All data products were interpolated to 30 mn temporal and also to 30 m spatial intervals in case of microwave

radiometer.

3. Methodology

The complete datasets, consisting of 3 years (2022 -2024) of co-located Doppler lidar, microwave radiometer and disdrometer
measurements have been analyzed.

To prepare the data for further analyses, the raw Doppler lidar data was first background-corrected (Manninen et al., 2016;
Vakkari et al., 2019) and then filtered using a signal-to-noise ratio threshold SNR = 1.006 (Manninen et al., 2016), resulting in
attenuated backscatter coefficient (f.) and vertical velocity products (w) at 1 s temporal and 30 m spatial resolution.

For the calculations of aerosol fluxes, the quasi particle backscatter coefficient (4“*8,) and vertical velocity (w) from the
Doppler lidar measurements have been used. The 9“8, parameter approximates the particle backscatter coefficient (8,) and
can be obtained at high temporal resolution from the Doppler lidar-derived f.« (Wang et al., 2020a; Baars et al., 2017). Aerosol
fluxes were computed using an in-house algorithm developed at IGF UW (Ortiz-Amezcua, 2023). The vertical velocity profiles

were grouped in 30 mn time intervals, and the recorded signal was decomposed into the mean and fluctuating components.
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The detrending process used to isolate the fluctuating component was performed using a linear method. The aerosol vertical
fluxes were calculated as a 30 mn means of the covariances between 7*8, and w.

The aerosol flux velocity, representing the vertical transport exchange of aerosol particles due to the turbulence movement, is

defined as:
Uy = I;?qﬁ (1)
p

where positive and negative values correspond to the resuspension and sedimentation of atmospheric aerosols, respectively.
Although a Doppler lidar's attenuated backscatter coefficient depends on turbulence, the total flux values to obtain the flux
velocity were divided by the same backscatter. In this way, one could argue that the absolute backscatter doesn't influence, as
the result is normalized.

Acrosol flux velocities are classified as resuspension and sedimentation processes, representing upward and downward
transport respectively. In a literature these are also referred to as emission/deposition velocities, which we consider imprecise,
as these terms are strictly connected with a surface and an air particle exchange, while our results apply to the entire height
extent of an ABL. The micrometeorological convention and proper notation are further described in Abril-Gago et al. (2025).
Additionally, cloud filtering was applied using S, > 107 sr''m™! as a threshold (Manninen et al., 2018). However, no filtering
based on the ABLH regime was applied. The algorithm was used not only to profiles within the ABL but also for the upper
altitudes up to 1995 m a.g.1.

For data screening of any particle movement associated with precipitation, precipitation flags from the disdrometer were used.
If any 30mn time interval within was flagged as precipitation, the entire 30 mn time interval with altitudes up to the cloud base
height was classified as so in a spatio-temporal classification.

Relative humidity (RH) profiles from the microwave radiometer provided an important reference for assessing hygroscopic
growth of aerosol particles, which depends on the type of the particle and RH changes (Wonaschiitz et al 2013; Tang et al.,
2019; Chen et al., 2020). Hygroscopic growth can significantly affect the backscatter signal (Wu et al., 2017), introducing
errors in the assessment of %%, fluctuations. Additionally, hygroscopicity depends on the particle type and RH varies with
altitude as well as with diurnal and season cycles. Therefore, applying a common threshold across all particles, will lead to a
high data loss or inaccurate filtering.

To address this, a cost function for estimating the optimal filtering threshold was applied. Unlike other processing steps, which
use fixed thresholds, a fixed RH threshold is not feasible due to the lack of information about aerosol type. Since RH changes
are most pronounced during sunrise and sunset (ABL transition zones) and are closely correlated with ABL evolution (Liu et
al., 2012), it was assumed that the filtered data should preserve this temporal variability. The cost function was defined as the
sum of the relative standard deviation of the filtered record frequency (normalized to 0-1) and the fraction of remaining data

(normalized to 0-1), balancing temporal variability preservation against data loss.

Tests were conducted for the following thresholds: RH (50, 60, 70, 75, 80, and 90%) and 4RH (1, 2, 5, 10%), where RH denotes

the maximum allowed humidity and ARH its maximum allowed change. All parameter combinations were used for the tests.
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An additional threshold of RH = 75% was introduced to increase the precision of the analysis, as the literature indicates the
70-80% range as a key deliquescing point for many aerosol types (Kuang et al., 2016; Ji et al 2025). The results for the entire
dataset are presented in Fig. 2. The best compromise showing the highest variability in filtered data with the lowest data loss
was found for the threshold of RH > 60% and ARH > 5% for all seasons at altitudes 75-1995 ma.g.1.

Since we expect these thresholds to vary with season and altitude, as typical RH values also vary accordingly, the same cost
function was applied separately for each seasons (MAM, JJA, SON, DJF) and altitude intervals (105 - 555, 585 - 1035, 1065

- 1515, 1555 - 1995 m a.g.1.). The optimal parameters for each season and altitude interval are presented in Tab. 1

Standard deviations of filtered data using the relative humidity differencess
and corresponding to it data loss, Warsaw 2022-24, 75 - 1995 m a.g.l.
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Figure 2. Cost function for the filtering thresholds of RH values and its change (4RH), applied to the entire dataset.

As shown in Tab. 1, for MAM, JJA, and SON, the RH threshold sensitivity decreases with altitude, consistent with the typical
decrease of RH with altitude. However, the ARH threshold becomes more restrictive at higher altitudes, likely reflecting the
reduced dynamic range of RH changes at those levels. For MAM, this shift is visible just above the lowest altitudes and
increases with altitude during JJA up to SON seasons. During DJF, no such altitude-dependent variation was observed in the
optimal thresholds. It cannot be ruled out that for the data screened by RH data filtering there were no aerosol fluxes present.
However these fluctuations could be biased by hygroscopic growth, providing misleading information not in the frequency of

flux occurrence but in the distribution of their intensity. Therefore this filtering is fully justified.

Table 1. Relative humidity filtering thresholds with respect to seasons and altitude intervals.

(ma.g.l.) | MAM JJA SON DJF

1555 - 1995 ‘ARH >5%and RH>60%  ARH > 5% and RH>60%  ARH > 5% and RH>60%  ARH > 2% and RH > 90%
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1065 -1515 |[ARH >5%and RH>60%  ARH > 5% and RH>60% ARH > 1% and RH>80% ARH > 2% and RH > 90%
585 - 1035 ARH > 5% and RH>60% ARH>1%and RH>75% ARH>2%and RH>75% ARH > 1% and RH > 90%

105 - 555 ARH>1%andRH>75% ARH>1%and RH>75% ARH>1%and RH>80% ARH > 2% and RH > 90%

To investigate whether RH data filtering significantly distorted the remaining database, we compared the filtered and retained
aerosol flux transport velocities. The remaining dataset was divided into distinct velocity thresholds (v<- 5; vy €[-5, -1); vy €
[-1 0); vy € (0, 1];v, € (1,5] andv,> 5 cm/s) For each threshold, we calculated its proportion relative to the total flux, stratified
the data by altitude and season, and determined the coefficient of determination R?. The overall R? was 0.83. However, for the
majority of the results, R? exceeded 0.90, except during the winter season. Specifically, high altitudes during winter exhibited
a drastic drop in correlation, which substantially reduced the overall R? value. Consequently, the results indicate that RH data
filtering is unlikely to distort the overall statistics, especially for strong aerosol flux events.

In this study, we did not apply data filtering based on stationarity tests. While we acknowledge the importance of these factors,
especially in case studies, we assume that the use of extensive, multi-seasonal databases reduces the impact of potential errors
to a negligible level. Cases failing to meet stationarity criteria are mostly infrequent (Abril-Gago et al., 2025). To further
validate this assumption, we applied stationarity tests to a representative database containing 36 days of measurements from
2024. To avoid seasonal and selection biases, three days from each month (the 1st, 10th, and 20th) were chosen for the tests.
If data for the exact day was missing, the previous day was selected instead. We applied the same methodology for the
stationarity tests as described in (Abril-Gago et al., 2025). For these tests, covariances were additionally calculated at a 5 mn
resolution, and the mean 30 mn values were obtained. These mean values were then compared with the original 30 mn
calculated covariances. If the values deviated by more than 60%, the data points were classified as non-stationary, and

stationary vice versa. The graphical representation of the frequency of occurrence of stationary conditions is given in Fig. 3.

Frequency of occurrence of stationary conditions, Warsaw, 2024
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Figure 3. Frequency of occurrence of stationary conditions obtained for the test database from all months of 2024.
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Fig. 3 shows a systematic correlation between the frequency of stationarity occurrence, the diurnal cycle, and altitude,
indicating that lower altitudes exhibit higher chances of stationary conditions. Similarly, it was shown that during the morning
transition and well-mixed layer periods of the diurnal cycle, stationarity can occur even at higher altitudes. To determine
whether stationarity tests are necessary for the entire dataset, we compared the stationary and non-stationary aerosol flux

transport velocity values, The results are presented on Fig. 4.

Flux distribution comparison for stationary and non-stationary conditions
10°
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Figure 4. Probability density function of Aerosol flux transport velocity in stationary (blue) and non-stationary (red) conditions. On
the right, zoom on the most common velocity ranges.

Overall, the occurrence of stationary conditions within the altitude span of 105 to 1995 m a.g.l. was 30,98 %. Nevertheless,
Fig. 4 demonstrates that even under non-stationary conditions, the aerosol flux transport velocity values did not vary
substantially from the stationary ones. This can provide a valuable statement that non-stationarity does not change the flux
velocity drastically compared to stationary conditions. Therefore, there is no urgent need to apply stationarity tests to the entire
dataset, which would result in a drastic reduction of the valid database.

Filtering for advection effects and gravitational waves was also bypassed, as these processes do not represent predominant
phenomena in our dataset. Due to the large volume of data, such sporadic events do not significantly alter the findings. A
similar approach applies to the estimated sampling error. For a single 30-minute integration period, the random error is indeed
substantial, often reaching or exceeding 100% (Engelmann et al., 2008). However, as this study focuses on long-term mean
profiles derived from a dataset consisting of 3 years of continuous measurements (approx. 52000 samples per height bin), the
error of the mean reduces significantly. Even under a conservative assumption of daily independence (approx. 1000 samples),
the resulting statistical uncertainty of the mean flux is approximately 3%. This confirms that the vertical flux profiles are

statistically robust and the observed trends are physically meaningful.
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212 The whole methodology chain is presented on Fig. 5.
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213
214 Figure 5. Methodology chain for obtaining the aerosol fluxes transport velocity (resuspension, upward transport, sedimentation,

215 and downward transport). Colour coding: calculation of standard Cloudnet/ACTRIS data products (beige) and additional
216 calculation of the quasi backscatter coefficient (blue) from Doppler lidar. Data filtering (red). Application of the aerosol flux
217 algorithm (yellow).

218
219  The results of the aerosol fluxes characterization will be presented with respect to the altitude intervals, seasons and ABL

220 transformation sublayers: Well-Mixed Layer (WML), Transition Layer during sunrise (TLsr) and sunset (TLss), and Nocturnal
221 and Residual Layer (NL+RL). In addition, a full comparison of aerosol flux intensity during nighttime and daytime will be
222 performed. The specific hours (UTC) of each sublayer during the diurnal cycle with respect to the seasons and measurement
223 location were specified in Wang et al. (2020b) and are presented in Tab. 2.

224
225 Table 2. Time intervals (UTC) of ABL sublayers per season, after Wang et al. (2020b).

MAM and SON JJA DJF

Daytime 05:00-17:00 04:00-19:00 06:00-15:00

Nighttime 19:00-04:00 20:00-03:00 16:00-06:00

Well-mixed layer (WML) 12:00-16:00 12:00-17:00 12:00-14:00

Transition layer during sunrise (TLsr) 05:00-11:00 03:00-11:00 06:00-11:00

Transition layer during sunset (TLss) 17:00-19:00 16:00-20:00 15:00-16:00

Nocturnal and residual layer (NL + RL) 20:00-04:00 21:00-02:00 17:00-05:00
226
227
228
229
230
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4. Results

4.1 The frequency of occurrence of aerosol particles

We analyzed three years (2022 -2024) of the Doppler lidar, microwave radiometer and disdrometer observations. The aerosol
flux velocities within the ABL were derived at 30 m and 30 mn resolution and grouped by season, altitude and time of the day.
After cloud, precipitation and SNR filtering, the remaining data was classified as aerosol particle signal. The statistics presented
here concern the presence of aerosol particles only. We assume that if particles are present in the atmosphere, their vertical
transport also exists. Therefore, to calculate the frequency of occurrence of aerosol fluxes, we used the total signal statistics
filtered from the clouds and precipitation. Data filtered out by the RH criteria are still included, but in further data analysis,
since we are interested only to quantify the presence of the aerosol fluxes, not to characterize their intensity- which was the
main purpose of RH filtering. The aerosol occurrence frequency, i.e. aerosol flux occurrence frequency is presented in Fig. 6.
Colours in Fig. 6 indicate the frequency of aerosol particle presence, with thresholds defined to characterize the dominance or
absence of aerosol fluxes with respect to altitude, seasons and diurnal cycle. The presence of acrosol particles is approximately
stable throughout the day but varies between seasons. The occurrence of atmospheric aerosols, and consequently of aerosol
fluxes occur during MAM and JJA across the entire altitude span, particularly at lowest altitudes. For SON and DJF, aerosols
presence decreases with altitude, with DJF showing a higher decrease. The similarity between MAM and JJA is notable, as is
the change between JJA and SON. The change in aerosol particle presence is much more abrupt between DJF and MAM,

suggesting that the dynamic of ABL growth changes more rapidly during this season's transition.
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The frequency of occurrence of aerosol particles [%], Warsaw 2022-24
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[ :50 - 67% 2:585-1035 m a.g.l.
[ 1:33-50% 3:1065 - 1515 m a.g.l.
[ 1:<33% 4:1555 - 1995 m a.g.l.
250
251 Figure 6. The frequency of occurrence of aerosol particles in %. The dashed lines mark the limits between each threshold. Numbers

252 on the x-axis indicate the altitude levels. The rows names indicate the ABL sublayers and their time intervals according to Tab. 2.

253 4.2. Aerosol flux characterization

254 After applying the full methodology, aerosol flux velocity products were obtained. An example for one day of observations

255 under cloud-free conditions is presented in Fig. 7.
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Doppler Lidar attenuated backscatter, Warsaw
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Figure 7. Spatio-temporal representation of attenuated backscatter coefficient, vertical air velocity and aerosol flux transport
velocity profiles from 10th of May 2023 at the Warsaw Observatory Station.

The blank region represents the data filtered using the SNR threshold, referred to as a no-signal. The dependence of aerosol
flux velocities on diurnal cycle and altitudes is clearly visible. A clear difference can be observed between the direction of
vertical air movement (Fig. 7 middle) and that of net aerosol transport (Fig. 7 bottom), demonstrating that these two phenomena
are distinct from each other. Fig. 8 shows the median resuspension velocity for all altitudes, together with the 25th and 75th
percentiles, to illustrate the seasonal dependencies of aerosol fluxes. The annual cycle of aerosol flux intensification can be
divided into two regimes: a period of increased resuspension during the day (MAM and JJA), and a period of much less intense
fluxes without significant transport direction (SON and DJF). During MAM and JJA, aerosol flux velocities are higher,
particularly for resuspension, while during nighttime only negligible movement is present. During SON and DJF, aerosol
fluxes occur with similar frequency during both day and night, but without any dominant direction except in the middle of the

day when the dominance of resuspension is slightly marked.
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Median values (P50 =+ [P75, P25]) of Aerosol Fluxes Resuspension Velocity, Warsaw 2022-24
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Figure 8. Median diurnal cycle of aerosol flux velocity transport for different seasons (DJF winter, MAM spring, JJA sumer and
SON autumn), with the 25th and 75th percentile, based on 3 years of observation (2022 -2024) at the Warsaw Observatory Station.

Since aerosol fluxes are strongly dependent on seasons, altitude and diurnal cycle, further data analysis was conducted on
accordingly grouped datasets. Fig. 9 presents the observed frequency of different phenomena occurrences: cloud presence,
precipitation, data filtered by the RH criteria (according to Tab. 1), no-signal, and the directions and velocities of observed
aerosol fluxes during the diurnal cycle. The highest no-signal occurrence is found at higher altitudes, especially during DJF
season. Cloud cover and precipitation occur mostly at the lowest altitudes, especially during the DJF season. The highest
frequency of RH filtered data is observed at lowest altitudes, mostly for MAM, JJA and SON seasons. At the lowest altitudes,
particularly during MAM and JJA, the occurrences of RH-filtered data differs according to the diurnal cycle. At higher altitudes

the several-hour shift of this pattern is observed, indicating humidity transport to higher levels of the atmosphere.
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Figure 9. Occurrence frequencies of resuspension and sedimentation flux velocity ranges, RH-filtered data, precipitation and cloud
presence, and no-signal intervals across different altitudes and seasons based on 3 years of observations (2022-2024) at Warsaw
Observatory Station.

Fig. 10 presents the occurrence frequency of aerosol flux direction and velocities, forming the basis for subsequent flux
classification. Frequencies are analyzed using velocity thresholds to classify fluxes as significant (v/> 1 or vy < -1 [cm/s]) or
less significant (-1 < vy<1 [cm/s]) for both resuspension and sedimentation processes. While hygroscopic growth filtering may
exclude some genuine aerosol flux occurrences, this data filtering is essential for precise characterization, as hygroscopic
effects could distort backscatter signals and introduce errors in covariance and flux velocity estimates.

During spring, summer and autumn seasons (MAM, JJA, SON) clear diurnal variations in aerosol flux velocities within ABL
occurred with less significant velocities prevailing at night and significant ones dominating during daytime. However, during
winter (DJF), these diurnal differences were largely observed only at the lowest altitudes. For higher altitudes resuspension

and sedimentation velocities were mostly classified as significant regardless of the time of day.
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Resuspension and sedimentation variability, Warsaw, 2022-24
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Figure 10. Significant and non-significant flux velocity variability for different altitudes and seasons for 3 years ( 2022 -2024) of
observations in Warsaw Observatory Station.

A clear relationship exists between aerosol fluxes and diurnal cycle, with significant resuspension as a dominant flux type,
especially during midday. The analysis reveals stronger resuspension during midday and slower sedimentation and
resuspension during nighttime; however, the precise characteristics vary with altitude and season. At the lowest altitudes across
all seasons, faster resuspension dominates during midday, with MAM showing the highest occurrence frequency across all
altitudes. During MAM nighttime, less significant sedimentation and resuspension can be observed. In JJA, faster resuspension
dominates during midday but decreases with altitude transitioning to strong sedimentation at higher levels, while nighttime is
characterized by less significant sedimentation occurring more frequently than resuspension. SON exhibits similar nighttime
patterns as JJA, whereas during the daytime, fast sedimentation shows comparable occurrence, especially at high altitudes.
DIJF displays more irregular aerosol flux behaviour, particularly at higher altitudes, potentially due to data filtering effects. At
low altitudes in DIJF, faster resuspension dominates during midday, while slower resuspension is more common at night;
making resuspension the prevailing flux type. Across MAM, JJA, and SON, strong sedimentation frequency increases with
altitude, especially during midday. A common feature across all seasons (in DJF limited only to lowest altitudes) is the diurnal

transition from slow aerosol fluxes after sunrise to faster ones during daytime, followed again by slower fluxes after sunset.
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4.3. Aerosol flux categorization

Based on the obtained data, the following categorization focuses on characterisation of aerosol fluxes according to diurnal
transformation within the ABL. Fig. 11 presents the occurrence frequencies of resuspensions and sedimentations processes
throughout different parts of the day. Resuspension is classified as the majority process when occurrence exceeds 50% (red).
Similarly, sedimentation is marked as majority when occurrence exceeds 50% (blue). Additionally any transport is classified
as a dominant one when the direction occurrence exceeds 67%. Similar grouping was conducted for flux velocity regimes and
is also represented by Fig. 11. Aerosol flux velocities were classified according to the previously mentioned thresholds as
either significant (v/> 1 or vy< -1 [em/s]) or less significant (-1 < vy<1 [cm/s]) for resuspension/sedimentation velocities. The
median ratio of the number of occurrences of more significant to less significant velocity fluxes was calculated. Based on the
prevailing or dominating aerosol flux velocity, their velocity regimes are shown as median ratios with 25th and 75th
percentiles. Percentiles were included to demonstrate the population skewness and possible mode dominance. Values below 1
indicate that fluxes are less significant and relatively slow, while values above 1 indicate that significant, fast fluxes prevail.
A median value of 1 would indicate equal occurrence of significant and less-significant fluxes, but no such cases were
observed. For broader characterization, the 25th and 75th percentiles were also analyzed. When both the median and the 75th
percentile were below 1, less significant slow fluxes dominated. When the median was below 1 but the 75th percentile exceeded
1, this mode was considered merely prevalent. Similarly, when the median exceeded 1 while the 25th percentile was below 1,
significant fast fluxes prevailed. When both median and 25th percentile exceeded 1, they were considered dominant. Since the
distinction between fast and slow fluxes is more conventional, these terms will be used instead of 'significant' and 'less
significant' in subsequent data analysis.

The analysis of the occurrence frequencies of the aerosol transport direction reveals that the dominant sedimentation class
(higher than 67%) does not occur throughout the entire dataset. Resuspension predominates at lowest altitudes across all
seasons, except during nighttime in JJA and SON. Sedimentation prevails at all altitudes and seasons during nighttime, except
the lowest altitudes in MAM and DJF. During the WML, resuspension dominates at low altitudes for all seasons. With
increasing altitude, the resuspension frequency decreases towards sedimentation in JJA, SON and DJF. During sunrise, upward
fluxes occur at lowest altitudes, with MAM showing the strongest dominance. Similarly to the WML pattern, resuspension
share decreases with altitude in JJA, SON and DJF, favoring the sedimentation occurrence. However, this directional shift
begins at lower altitudes compared to the WML, while in DJF, resuspension prevails only at the lowest altitudes. The sunset
transition layer is predominantly characterized by prevailed sedimentation across all seasons, with resuspension maintaining a
majority share only at the lowest altitudes. The nocturnal layer exhibits sedimentation prevalence across all seasons and

altitudes, except MAM and DJF where the resuspension is observed at the lowest altitudes.
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Frequency of occurrence of aerosol flux transport direction [%] and marked by colour velocity regime, Warsaw 2022-24
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Figure 11. Frequency of occurrence of aerosol flux transport. Colours indicate direction: resuspension (redish) and sedimentation
(blueish). When resuspension (or sedimentation) occurrence exceed 5S0% they are predominant, above 67% they are dominant. The
colour tone indicates the values of aerosol flux velocity regime. Numbers on the x-axis indicate the altitude levels. The row names
indicate the ABL sublayers and their time intervals according to Tab. 2.

According to the velocity regime, during daytime, particularly for MAM and JJA at lower altitudes, fast resuspension prevails,
while JJA shows prevalent slow sedimentation at higher altitudes. SON is characterized by prevalent slow resuspension and
dominance of slow sedimentation at low and higher latitudes, respectively, whereas DJF exhibits predominantly fast
sedimentation dominance, except at lower altitudes where fast resuspension prevails.

During nighttime, slow sedimentation is dominating at all altitudes for MAM, JJA and SON, except at lowest altitudes in
MAM and DJF where the slow resuspension prevails. Additionally, fast sedimentation dominates at higher altitudes during

DJF.
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During the WML, fast aerosol fluxes dominate, particularly at lower altitudes. Fast resuspensions dominate in MAM, JJA and
DIJF, while for SON fast resuspension is prevalent. At highest altitudes, JJA shows fast sedimentation and SON exhibits slow
sedimentation. DJF demonstrates dominant fast sedimentation.

During sunrise, fast resuspension prevails at lowest altitudes only for MAM and JJA, while other seasons show prevalent slow
resuspension at lower levels. MAM exhibits slower resuspension with altitude, whereas JJA and SON show dominant slow
sedimentation at the highest altitudes. DJF is characterized by dominant fast sedimentation with altitude.

During sunset, particle movement is considerably slower for MAM, JJA and SON, characterized by the dominance of slow
sedimentation at all altitudes except the lowest, where slow resuspension dominates across all seasons. During DJF, strong
dominance of fast sedimentation is observed at higher altitudes.

Nocturnal and residual layers exhibit the slowest particle motion for MAM JJA and SON, characterized predominantly by
dominant slow sedimentation at all altitudes except the lowest, where slow resuspension only in MAM and DJF. For the DJF
one can observe strong dominance of fast sedimentation only at high altitudes.

It should be noted that the high values observed during DJF may be influenced by chaotic variability resulting from small
sample size due to limited aerosol signal availability (Fig. 9).

To synthesize the results and mitigate potential biases, such as the seasonal dominance of rapid sedimentation during winter
(DJF), an aerosol flux intensity factor was introduced and applied. This factor is based on four variables: flux occurrence (1—
4), transport prevalence (1-2), velocity regimes (1-4), and direction. Higher values in brackets correspond to an increased
frequency of flux occurrence, transport direction prevalence, and velocity, respectively (as detailed in Fig. 6 and Fig. 11 ),
resulting in a higher intensity factor. The final value of the factor is the product of the numbers in the brackets. Ultimately, a
higher factor indicates a greater probability of significant resuspension or sedimentation. The aerosol flux intensity factor is
shown in Fig. 12.

During daytime, strong and moderately intense resuspension dominates at lowest altitudes across all seasons. With increasing
altitude, resuspension transitions to sedimentation or becomes less intense (as in MAM). In SON and DJF, less intense
resuspension shifts to sedimentation at higher altitudes, while in JJA, strong resuspension transitions to moderately intense
sedimentation before weakening at higher altitudes.

During nighttime across all seasons and altitudes, aerosol fluxes are relatively weak, particularly sedimentation, with
resuspension occurring at the lowest altitudes only for MAM and DJF.

The WML is strongly dominated by intense resuspension, with the highest classified resuspension intensities occurring in
MAM and JJA at the lowest altitudes, and in MAM also at higher altitudes. Intensified resuspension is also observed at lowest
altitudes in SON and DJF. With increasing altitude, resuspension becomes less intense (in MAM) or transitioning to low-
intensity sedimentation (in SON and DJF), while in JJA, strong resuspension shifts to moderately intense sedimentation before
weakening at higher altitudes.

Sunrise exhibits very similar characteristics, but with decreased flux intensities while maintaining the same behaviour patterns.

Only in DJF and SON the weak resuspension transitions to weak sedimentation at lower altitudes.
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Aerosol flux intensity factor, Warsaw 2022-24
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394 Figure 12. Normalized to 32 groups aerosol flux intensity factor. Numbers on the x-axis indicate the altitude levels. The rows names
395 indicate the ABL sublayers and their time intervals according to Tab. 2.
396

397 During sunset, aerosol fluxes are relatively weaker across all seasons and altitudes, with weak sedimentation dominating at all
398 altitudes except the lowest, where weak resuspension dominates.
399 A very similar situation occurs during nighttime, with weak sedimentation dominating across all altitudes and seasons, except

400  at lowest altitudes in MAM and DJF where weak resuspension prevails.

401 6. Summary

402 Analysis of Doppler lidar - derived aerosol flux velocities during multi-seasonal observations for long-term measurements in

403 urban environments, has been conducted. This work introduced the term ,,flux intensity” based on aerosol flux occurrence
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frequency, transport direction predominance and dominance, and velocity regime according to predefined thresholds. The
analysis reveals altitude, seasonal, and diurnal dependencies of aerosol flux velocities, categorizing their intensity using the
introduced aerosol flux intensity factor. This represents the first comprehensive data analysis and characterization of vertical
aerosol fluxes for an urban environment using multi-year (2022 -2024) Doppler lidar data in Warsaw, Poland.

The primary instrumentation consisted of a Doppler lidar system (StreamLine XR, HaloPhotonics) installed on the roof
platform of Warsaw Observatory Station (WOS), an ACTRIS National Facility located at the Geophysics Institute, Faculty of
Physics, University of Warsaw (IGF UW), along with co-located microwave radiometer (HATPRO-G2) and disdrometer
(Parsivel? OTT HydroMet) have been used. Measurements were conducted within the Aerosol Cloud and Trace gases research
infrastructure (ACTRIS-ERIC) and ACTRIS-PL as part of the Cloud Observations Network (Cloudnet-ACTRIS) routine
observations.

Data from different seasons (Spring - MAM, Summer - JJA, Autumn - SON and Winter - DJF), for different stages of ABL
transformation (Well Mixed Layer - WML, Transition layer during sunrise and sunset, respectively TLsr and TLss, and
Nocturnal and Residual Layer - NL+RL) and for different altitude intervals (105 - 555, 585 - 1035, 1065 - 1515, 1555 - 1995
m a.g.l.) were analyzed. The results show that aerosol flux behavior in MAM and JJA is very similar during daytime at the
lowest altitudes. However, they significantly differ at higher altitudes, where intensive sedimentation activity is noticeable in
the JJA, while in the MAM, resuspension dominates and prevails at all altitudes. In this regard, JJA resembles SON in terms
of resuspension occurrence at lower altitudes and sedimentation at higher altitudes, but with considerably more intense
processes in JJA.

However, subtle changes in aerosol flux intensity can be observed from MAM, through JJA and SON to DJF, with a maximum
intensity increase from DJF to MAM. Across all seasons, fluxes are most intense during WML and least intense during NL+RL.
Similarities can be observed during ABL transformation, where TLsr resembles WML, characterized by a gradual flux activity
increase to its relative diurnal maximum. Similar relationships exist between TLss and NL+RL. Rather than a gentle transition
in flux intensity during the sunset, there is a sudden decrease of turbulent transport associated during rapid ABL decay.
Nevertheless, resuspension characteristics are preserved at the lowest altitudes across all seasons during the sunset. While
sedimentation processes occur as often as resuspension, resuspension processes are considerably more intense compared to
the relatively weak sedimentation. However the most intense sedimentation is observed at higher altitudes during the JJA.
Furthermore, maximum flux intensity does not strictly correlate with the maximum ABL height, although both show
substantial increase between DJF and MAM, flux intensity peaks in MAM while ABLH peaks in JJA.

Our work presents a novel approach for data curation using the combined data products from multiple instruments, together
with a methodology to classify aerosol fluxes based on their characteristics. We believe this work enables similar study across
other Cloudnet-ACTRIS National Facilities and provides a solid foundation for multi-seasonal and multi-year flux intensity
comparisons across Europe and globally. This work, as extended to all available data in the Cloudnet-ACTRIS database, will
provide a solid basis for flux intensity comparisons across Europe, thereby significantly improving the accuracy of aerosol

optical property assessments and providing a knowledge for aerosol vertical transport in the urban environment.
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Data availability

The Doppler lidar, microwave radiometer and disdrometer data used in this study are generated by the Aerosol, Clouds and
Trace Gases Research Infrastructure (ACTRIS) and are available from the Cloudnet-ACTRIS Data Centre using the following
link: https://doi.org/10.60656/9¢54c846af134629 (Doppler lidar), https://doi.org/10.60656/7d707b6733524020 (microwave
radiometer) and https://doi.org/10.60656/b7a8ac9413bd4cfc (disdrometer).

The Doppler lidar high-level data products (aerosol flux) were published in Repository for Open Data (RepOD) maintained
by the Interdisciplinary Centre for Mathematical and Computational Modelling at the University of Warsaw, Poland (ICM
UW): Karasewicz, Maciej; Janicka, Lucja; Ortiz-Amezca, Pablo; Kumala, Wojciech; Stachlewska, Iwona S., 2026, "Boundary
layer aerosol flux: Doppler lidar dataset, Warsaw, Poland (2022-2024)", https://doi.org/10.18150/125DKQ, RepOD, V1 under

the Creative Commons Zero 1.0 License.
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