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15  Abstract. The study uses drone-based measurements to investigate the seasonal vertical variability of equivalent
16 black carbon (eBC) mass and particle number concentrations (PNC) at a rural and urban site in the Czech
17 Republic. Vertical profiles of eBC were measured using a micro-aethalometer, while PNC was measured using
18  an optical particle counter. Drone-based eBC measurements closely matched reference aethalometers placed at
19 both ground level and at 230m of a tower when using a humidity control mechanism. Without dryer, eBC mass
20  concentration was overestimated by 276% in summer and 285% in winter, but uncertainties were reduced to under
21 10% with drying. These findings highlight the importance of humidity control for accurate aerosol measurements,
22 especially for eBC. The study also revealed a decrease in eBC and PNC with height at the rural site during both
23 summer and winter, with seasonal differences in the altitude where this decrease began. Elevated eBC
24 concentrations in winter were due to increased atmospheric stability and combustion-related fine particles. At the
25 urban site, concentrations in summer were uniform with height (4 to 100 m AGL) but gradually decreased with
26 height during winter. Furthermore, the study investigated changes in the vertical distribution of eBC and PNC
27  during a high pollution event at the urban site, influenced by long-range transport. Our findings confirm the
28 effectiveness of drones in capturing vertical variations of air pollutants, offering results on the dynamics between
29 local emissions, atmospheric stability, and long-range transport and suggesting the necessity of vertical pollutants’

30 concentration measurements to support air quality management strategies.
31 1. Introduction

32 Black Carbon (BC) aerosols, one of the substantial contributors to climate change and adverse health effects, are
33 primarily emitted into our atmosphere through incomplete combustion of fossil fuels and biomass (Bond et al.,
34  2013; Ramanathan and Carmichael, 2008). BC absorbs efficiently solar radiation and contributes to atmospheric
35 warming (Moteki, 2023; Myhre et al., 2013). Aged BC can act as cloud condensation nuclei (CCN) and affect
36 climate through its indirect effects by altering cloud properties and their formation processes (Wang et al., 2018b).
37  The radiative properties of BC depend on its vertical profiles (Samset et al., 2013). For example, BC in the free
38  troposphere can enhance its radiative forcing by trapping energy emitted from the lower cloud layers (Schwarz et

39  al., 2006). The vertical distribution of BC also impacts the evolution of the planetary boundary layer (PBL). BC
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40 in the upper PBL exhibits light absorption efficiency, heating the surrounding atmosphere and enhancing
41  atmospheric stability, leading to extreme haze pollution events (Ding et al., 2016).

42 Modeling-based studies on BC vertical distribution are limited (Chen et al., 2022). Uncertainties in these
43 models mainly arise from assumptions about the vertical distribution of BC aerosols, highlighting the need to
44 measure the vertical distribution of BC on a regional scale, from areas influenced by direct emissions from the
45 ground to those characterized by long-range transport (Ramana et al., 2010). These measurements can also help
46  validate satellite observations and improve the representation of BC vertical profiles in climate models, leading

47  to a more accurate assessment of BC radiative forcing (Li et al., 2013; Samset et al., 2013).

48 The BC vertical distribution can be measured by various platforms, such as meteorological balloons,
49 towers, aircraft, and unmanned aerial vehicles (UAVs). Meteorological tethered balloons provide highly resolved
50  data and detailed information close to the ground, capable of measuring aerosol concentrations up to the free
51 atmosphere (Babu et al., 2011; Ferrero et al., 2019; Renard et al., 2020; Cappelletti et al., 2022). Meteorological
52 towers offer a unique opportunity for continuous long-term monitoring of aerosols at different heights (Chi et al.,
53 2013; Xie et al., 2019; Sun et al., 2020; Liang et al., 2022). Compared to towers, aircraft and UAVS can access
54 higher altitudes, with some aircraft capable of carrying heavier payloads, allowing them to transport more
55  sophisticated instruments for detailed aerosol measurements. These platforms offer greater spatial coverage and
56 flexibility, making them suitable for comprehensive atmospheric studies (Brady et al., 2016; Corrigan et al., 2007;
57  Villaetal., 2016; Wu et al., 2021; Schulz et al., 2019). Drones have recently gained popularity among all the other
58 methods because of their cost effectiveness, flexibility, and mobility due to their lightweight design (Barbieri et
59  al., 2019; Boer et al., 2020). Several studies have used drones to study vertical measurements of BC and particle
60  number concentrations (PNC). For example, Liu et al. (2020) conducted vertical measurements of fine particulate
61 matter (PM) and BC using a DJI Matrice 600 drone equipped with a battery-operated light-scattering laser
62 photometer and a micro-aethalometer. Their study revealed different vertical patterns for PM2.5 and BC,
63 suggesting different sources for each. Similarly, Zhu et al. (2019) used a hexacopter with a customized scanning
64 mobility particle sizer, an optical particle counter, and a meteorology sensor to study the vertical variability of
65 particle number size distribution (PNSD) near the ground to up to 300 m. The study showed that PNC with size
66  >0.3 um decreased with height during the evening. Brus et al. (2021) investigated the vertical profile of PNCs and
67 gases in the San Luis Valley, Colorado, and highlighted their interaction with meteorological conditions and
68 boundary layer processes. Studies on the vertical distribution of BC aerosols in Central Europe are very limited.
69 In Poland, Chilinski et al. (2016) examined the vertical distribution of BC in a valley for three days using UAV.
70 In Germany, Samad et al. (2020) investigated the vertical profiles of PM, BC, and ultrafine particles in Stuttgart
71  using a tethered balloon, and Harm-Altstédter et al. (2024) used a fixed-wing drone for vertical measurement of

72 aerosol concentration, including eBC, near a civil airport.

73 The studies about the vertical distributions of BC aerosols in the Czech Republic are limited to a tall
74  tower in a rural area (Mbengue et al., 2023), and no measurements in urban areas have been done. To date, no
75 drone-based measurement of BC has been conducted in the Czech Republic. This study combines mobile (drone-
76 based) and fixed (tall tower and building) observational platforms to measure the vertical distribution of BC
77 aerosols and PNC at two different sites representing an urban and a rural location. It further estimates the

78 measurement uncertainties and dependence of the results on the humidity.
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79 2. Materials and Methodology

80  2.1. Measurement Sites
81  2.1.1. Rural background site

82  The National Atmospheric Observatory Kosetice (NAOK, 49°35'N, 15°05'E; 534 m as.l.) in the Bohemian
83 Moravian Highlands in the Czech Republic (Figure 1) represents a central European background site. Located
84  approximately 75 kilometers southeast of Prague, the observatory is situated in a rural area. The observatory is
85 equipped with instruments to measure gaseous pollutants, atmospheric aerosols, and meteorological parameters.
86 It also includes a 250 m tall atmospheric tower providing a unique opportunity to study atmospheric parameters
87 at different elevations (Dvorska et al., 2015). NAOK is part of the Aerosol, Clouds, and Trace Gases Research
88 Infrastructure Network (ACTRIS ERIC) and several other research projects and monitoring programs (Mbengue
89  etal., 2023).

90 NAOK is influenced by regional and long-range transported air masses, mainly associated with the
91  western and southeastern directions (Mbengue et al., 2021; Vodi¢ka et al., 2015). A primary highway in the Czech
92 Republic (D1: 36,000 cars/day, CSD, 2020) is situated approximately 6 km to the north and northeast of the
93  observatory (Mbengue et al., 2023).
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95 Figure 1. Geographical location of rural background (NAOK) and urban (Prague) sites in the Czech Republic. Source:
96 mapchart.net, Wikipedia.

97 2.1.2. Urbansite

98  The Faculty of Mathematics and Physics (50°6.89'N, 14°26.95'E; 185 m a.s.l.) at Charles University in Prague
99 represents an urban site situated 75 kilometers away from NAOK (Figure 1). The faculty has multiple campus
100 locations throughout Prague, with its Troja campus near the Vltava River serving as the site for this study. The
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101 main building of the Troja campus is an 11-story building, almost 50 m high. The campus is located in a river
102  valley surrounded by hills with an elevation of 50 m AGL. The Department of Atmospheric Physics (DAP) is also
103 on this campus. The DAP monitors particulate matter (PM1, PMzs, and PMy), gases (NO2, Oz, and CO), and
104 meteorology (temperature, relative humidity (RH), pressure, wind speed, and rainfall), with measurements taken
105  atground level (2m), 10 m, and 50 m (Ramatheerthan et al., 2024).

106 The site is located near the Blanka tunnel exit and is impacted by fresh traffic emissions. The Blanka
107  tunnel, more than 6 km long, is the longest road tunnel in the Czech Republic. The average traffic density of this
108  tunnel is 80,000 to 90,000 cars/day (Metrostav, 2024). It was constructed to minimize the environmental impacts
109 of traffic. However, its opening significantly increased the traffic at some locations, leading to substantial changes

110 in the urban geochemistry of Prague (Mizera et al., 2022).

111 2.2. Instrumentation
112 2.2.1. eBC measurements

113 The micro-Aethalometer AE51 (AethLabs San Francisco, CA) (Figure 2a) provides real-time equivalent BC
114  (eBC) concentration using an 880 nm light source (Petzold et al., 2005). AE51 operates on a principle similar to
115  other aethalometers, such as AE31 (Aerosol Magee Scientific, Berkeley, CA). The AE51 measures the light
116 attenuation through a filter (T60 Teflon-coated glass fiber) loaded with particles and converts the attenuation into
117  aneBC mass concentration using a predefined mass attenuation coefficient (Alas et al., 2020). The time resolution
118 of 10 seconds and flow rate of 150 ml/min were used in this study. The filter was replaced when attenuation

119 reached 80 dB/m to minimize the filter loading effect.

120  2.2.2. Air stream Dryer

121 A 20 cm-long homemade silica gel dryer (Figure 2d) was used in front of the AE51 (Figure 2f) to control the
122 humidity for accurate eBC mass concentrations measurements. The dryer consists of 2 coaxial cylinders of 1.62
123 cm and 0.65 cm diameters, with silica gel in the space between them. The silica gel effectively removes moisture
124  from the aerosols as axial airflow passes through the dryer. The inner cylinder, made from stainless steel mesh,
125  was chosen for its smooth surface and minimal particle loss, while the outer parts were fabricated with PLA
126 (Polylactic Acid) using a 3D printer (MK4S, Prusa Research), with a total weight of 50 g. Laboratory tests were
127 performed at 100% RH, showing that the dryer could perform effectively by maintaining RH below 40% for up
128 to three days (Figure S1). The flow and leakage tests were also carried out to describe the dryer's performance.

129 2.2.3. Particle number concentration measurements

130 The air quality measurements backpack (Yugen Oy, Finland) for a consumer-grade drone with an Optical particle
131 Counter (OPC-N3, Alphasense) (Figure 2b) was used to measure PNC in the PSL equivalent size range from 0.35
132 to 40 um. The OPC detects the light scattered by particles in the sample air stream illuminated by a laser beam
133 (~658 nm) and translates the signal into particle count and size (Hagan and Kroll, 2020). The backpack uses a
134 Raspberry Pi zero microcomputer as a data logger and was mounted on the top of the drone (Figure 2g). The
135  backpack also contains two meteorological sensors BME 280 (Bosch Sensortec GmbH) and SHT85 (Senserion

136  AQG) positioned on either side of the backpack and a redundant to drone own GPS module for the recording of
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137 drone position (Brus et al., 2025). Temperature and RH readings from both sensors were compared against tower-
138  based temperature and RH data while flying on the drone at different heights to validate sensor accuracy and data
139 reliability (Figure S2-S5). Both the BME280 and SHT85 sensors exhibit correlations about or over 0.9 between
140 tower measurements and temperature across various heights. However, at 230 m, this correlation weakens to 0.5.
141 For humidity, the SHT85 maintains a strong correlation at most heights, except at 230 m, while the BME280
142 shows greater variability, with R? values dropping to 0.54 at 4 m, 50 m, and 230 m. Due to OPC's horizontal inlet
143 design and a built-in ventilator, equipping a dryer was not feasible, as it would result in an excessively high

144  pressure drop making the measurement highly unreliable.

145 The total particle number concentration (N), in particles per cubic meter (#/m?), was calculated from the raw OPC
146  dataas:

147 N=— @)

148  where C is the total particle count, F is the flow rate in cm¥s, and t is the sampling time in seconds. The OPC
149  operates at a total flow rate of 5.5 I/min and a sample flow rate of 0.21 I/min. The measurement interval of 1

150 second was used to account for the high temporal variability of particles’ concentrations.

151 2.2.4. Temperature and RH

152 For OPC, sensor SHT85 was used to measure ambient temperature (T) and RH, while with AE51, an Arduino
153 (MKR Zero) datalogger (HYT939p, Innovative Sensor Technology IST AG) (Figure 2c) was used for T and RH
154  measurements. The Arduino MKR zero microcontroller processes sensor data using a 32-bit SAMD21 processor
155  and stores it on an SD card. It is programmed via the Arduino IDE to read inputs, perform tasks, and save data.
156  The Arduino datalogger with HYT939p sensor was developed after the first summer campaigns at both sites and,
157 therefore, was used only during winter campaigns. For the summer campaign, meteorological variables from the
158 tower at the same height as the drone hover at NAOK were used, and in Prague, meteorological data from the
159  ground and top of the building, i.e., 50 m, were used. The Arduino T and RH measurements were also compared
160 to the tower temperature and RH data at different heights to confirm the validity and robustness of the drone T
161  and RH results (Figures S6 and S7). The results show a strong correlation between tower measurements and

162 Arduino observed humidity and temperature at different heights, with R? values generally above 0.8.
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(a)  AE51 (b)  OPC-N3 (c) Arduino Datalogger (d) Air Strean; Dryer

163

164 Figure 2. Measurement setup: (a) micro-Aethalometer AE51, (b) optical particle counter (OPC) N3, (c) Arduino
165 datalogger, (d) Air Stream Dryer, (e) micro-Aethalometer AE51 with a temperature and RH datalogger without a
166 dryer, (f) micro-Aethalometer AE51 with a temperature and RH datalogger with a dryer, and (g) consumer drone
167 backpack with an optical particle counter with a custom mount on the drone.

168  2.2.5. Drone-based sampling

169  The instruments were installed on the Mavic 3 Classic drone (DJI Techology Co., Ltd.)

170  (https://www.dji.com/cz/mavic-3-classic/specs). The instrument's combined weight was too high to be carried by

171 the drone; thus, the instruments were set up separately and measured each alternating hour. With micro-
172 Aethalometer AE51, two different types of inlets were used: a 30 cm high inlet without a dryer and a 20 cm high
173 inlet with a diffusion-based silica gel dryer, while no inlet was used with a drone backpack (Figure 2). The particle
174 loss within the inlet for particles up to 2.5 um calculated for the AE51 setup for a 30 cm high inlet is < 9%, and
175  fora 20 cmdryer inlet, it is < 1%. The overall sampling losses for the whole set-up were calculated using Particle
176 Loss Calculator (von der Weiden et al., 2009) for all measurement set-ups and wind speeds (Table S1).

177 Only sampling losses were calculated for OPC and OPS, as no inlet extension was used. For OPS,
178  sampling loss was minimal (10 % overestimation) for PM, fraction up to wind speed of 6 m/s, but PM1o showed
179  an underestimation of 100 % up to 6 m/s. For OPC, sampling losses were less severe (50 % overestimation up to
180 6 m/s) for PMy, but for PM,s, overestimation ranged from 60 % to 125 % at 4 m/s and 6 m/s, respectively. For

181 PMjo particles, overestimation was as high as 750% at 6 m/s.

182 Whole inlet particle losses were calculated for AE51 with and without dryer inlets. For AE51 without a
183 dryer, changes in concentrations for PM; s remained minimal (< 10% overestimation) up to 4 m/s and below but
184 increased at higher wind speeds, reaching up to 22 % overestimation for PM; at 6 m/s. For AE51 with dryer,
185  sampling is also affected by wind speed, with overestimation increasing from 5 % at 2 m/s for PM; to 50 % at 6
186  m/s for PMas.
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187 During the flights, the drone climbed vertically from the ground to 230 m and 100 m AGL at a constant
188  speed of 1 ms* along the tower at NAOK and the Prague building, respectively (the maximum altitude was limited
189 to 100 m in Prague due to flight height restrictions). The drone hovered at different heights (4 m, 50 m, 100 m,
190 150 m, and 230 m at NAOK and 4 m, 50 m, and 100 m in Prague) for at least 3-5 minutes and then ascended in
191  the same vertical direction. The descended flights were not considered due to the propellers' effect on aerosols'

192  flow. Flights were conducted for at least 4 to 5 days during a week, depending on the weather conditions.

193 The summer campaign took place at NAOK from July and August 2023, and the winter campaign in
194  February 2024 (Table 1). Additionally, a test to evaluate the dryer’s performance was conducted on August 13,
195 2024. In Prague, measurements were performed during two summer campaigns and one winter campaign across
196 2023 and 2024. The urban measurements were taken without a dryer in August 2023, and in December 2023,
197 while a dryer was used for eBC measurements in June 2024 (Table 1). Measurements for each campaign began at
198 8 AM and continued until 8 PM in summer and until 5 PM during winter due to shorter daylight hours. The
199 number of flights for eBC and PNC at each height is summarized in Table 1.

200 Table 1. Overview of campaign schedule and total number of flights for eBC and PNC measurements. Campaigns with

201 a dryer are indicated with an asterisk.

Season Campaign Dates l-\lumber of l-\Iumber of Measurement
flights (eBC) flights (PNC) height (m AGL)
Summer July 31 to August 4, 2023 20 18 4,50,100,150,230
ié( Summer* August 13, 2024* 12* - 4*230*
z Winter February 12 to 16, 2024 15 15 4,50,100,150,230
Summer August 14 to 20, 2023 22 21 4,50,100
%w Summer* June 18 to 23, 2024* 21* 21* 4* 50*,100*
= Winter December 12 to 18, 2023 17 17 4,50,100

202
203 2.2.6. Additional variables

204 At NAOK, two aethalometers AE33 were available as reference instruments: one at the ground with a PM1o
205 sampling inlet (Leckel GmbH) at 4 m AGL and the other installed at the top of the tower, i.e., at 230 m with the
206  same sampling head as on the ground. The data from these aethalometers were compared with the drone-based
207 measurements while the drone hovered at corresponding heights. The AE33 at the ground uses a Nafion dryer
208 (custom-made, TROPOS, Leipzig, Germany) to remove moisture from the sample stream, whereas AE33 at 230
209 m was connected to a Nafion dryer but was not supplied with dry air during the summer of 2023 and winter
210  campaigns. An Optical Particle Sizer (OPS) (model 3330, TSI Inc., USA), without any dryer to ensure similar
211 measurement conditions, was placed at 4 m for comparison with the measurement from OPC on the drone. In
212 addition, temperature, RH, global radiation, wind speed and direction, and gaseous concentrations were obtained
213  from standard measurements at multiple tower heights (50 m, 125 m, and 240 m) and ground level (4 m) (Dvorska
214 etal., 2015), and ceilometer CL51 (Vaisala, Finland) was used for every hour boundary layer information (Julaha
215 et al., 2025). The percentage difference (PD) was calculated to evaluate variability across measurements for
216  comparing data across different heights and conditions:
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PD = Xref— Xdrone % 100’ (2)
Xref

where X is concentration from reference device and Xgrone IS cOncentration from device on drone. The same

approach was taken also for calculating the difference between heights.

The wind shear between the heights was calculated as the difference in wind speed (AWS) divided by
the difference in altitude (Az):

S

Wind Shear = %, ?3)

given in m/s per 100 m.

Table 2. Variables and instrumentation used in this study.

. Measurement heights (m AGL)
Instruments variables
NAOK Prague
AethLabs AE51 eBC 4, 50, 100, 150, 230 4,50, 100
Alphasense OPC N3 PNC 4,50, 100, 150, 230 4,50, 100
Q
§ BME and SHT85 T,RH, P 4, 50, 100, 150, 230 4,50, 100
e Arduino HYT939p T,RH 4, 50, 100, 150, 230 4,50, 100
Drone (DJI Mavic 3 Classic) ws 4,50, 100, 150, 230 4,50, 100
Magee AE33 eBC 4,230 -
TSI OPS 3330 PNC 4 -
Vaisala Ceilometer CL51 BLH/MLH ground -
Tower measurements T, RH, P, ws, wd 4,50, 125, 240 -
ENVISENS M-22-017 Global Radiation ground 50
E Envitech ED-19-004, ED-19-005 PM - 10, 50
L
Aeroqual AQS1, Envitech M-22-
NO2, 03, CO - 2,50
016, M-22-017
Davis Vantage Pro2, Meteopress
T, H, P, ws - 10, 50
MD1017, MD1016
ERA5 BLH - -

In Prague, long-term measurements alongside the building include data on temperature, RH, wind speed,

gaseous concentrations, and particulate matter concentrations, monitored at ground level, 10 m, and at the top of

a 50m high building (Table 2) (Ramatheerthan et al., 2024). Since ground-based measurements for the boundary

layer were not available at the site, boundary layer height predictions were obtained from ERADS, a fifth-generation

ECMWEF (European Centre for Medium Weather Forecasting) reanalysis model produced by the Copernicus

Climate Change Service (C3S). The hourly boundary layer height was obtained for the duration of campaigns
(Hersbach et al., 2023).
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233 3. Results and Discussion
234 3.1 Intercomparison and effect of RH on eBC and PNC measurements

235  The eBC and PNC measured while hovering the drone were compared with the observations from the reference
236  devices from the NAOK tower at 4m and 230m for both the summer and winter campaigns. The AE51 on the
237  drone overestimated the median reference eBC mass concentration by approximately 276 % at 4m and by 99 %
238  at 230m during summer, with absolute differences of 0.32 pg/m® and 0.15 pg/m®, respectively. The smaller
239 overestimation at the top of the tower can be due to similar measurement conditions as both AE33 at 230 m and
240  the AE51 on the drone were operating without any dryer (except Nafion without dry air in front of the AE33,
241 which may have partially influenced the moisture content of the sampled air). The higher difference at 4m during
242 the summer is likely due to high RH affecting the eBC measurements; while a Nafion dryer was installed in front
243 of the AE33 on the ground, the AE51 on the drone without a dryer was strongly influenced. This was further
244 confirmed when the RH dropped below 40 % on one day, and eBC mass concentrations from AE51 on the drone
245 were comparable at both 4m and 230m with the reference devices (Figure S8).

246 During the winter campaign, median drone-based measurements using AE51 overestimated eBC mass
247  concentrations by 285 % (0.7 pug/m®) at 4 m and by 150 % (0.4 pg/m®) at 230 m compared to the reference AE33
248  observations (Figure 3). This can be attributed again to the influence of humidity—at 4m, the AE33 was operated
249  withadryer, and the temperature gradient between inside the measurement container and the external environment
250  at 230 m likely contributed to some drying effects as the sample travelled from the colder outdoor to the warmer

251 indoor environment.

252 The PNC from OPC on the drone also showed overestimation compared to the OPS reference
253 observations by 75 % (8 #/cm®) and 129 % (30 #/cm?®) during summer and winter, respectively. The comparison
254 was made using the same size bins, with the first bin of the OPC skipped and interpolation applied to align the
255 bins between the two instruments. Both the OPC and OPS measurements were conducted without a dryer for both
256 seasons, thus measuring aerosol PNC at ambient RH. The observed difference can be attributed to different
257 sampling orientations: OPC inlet sampled horizontally against the wind, while OPS had a vertical inlet, causing
258 different influence on sampling in both instruments. For OPS, the sampling showed overestimation within 10 %
259  for PM2s up to wind speed of 6 m/s. In contrast, for OPC, overestimation jumped to 60 % and 125 % for PMy s at
260 wind speeds of 4m/s and 6m/s, respectively. As a result, OPC tends to report higher particle concentration than
261  the OPS, which contributes to the discrepancies observed in the PNC values.
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263 Figure 3. Boxplots of (a) eBC mass concentration and (b) PNC from drone vs. reference devices from the tower at 4 m
264 and 230 m during the summer campaign at NAOK; c) and d) the same for winter.

265 To address the effect of RH on eBC concentrations from drone measurements, a homemade silica gel
266 dryer was installed on the drone. A test to evaluate the dryer’s performance was conducted on August 13, 2024,
267 a typical summer day with a temperature of 28 °C, RH varying from 50% to 90%, and wind speed of 2-3 m/s.
268 Additionally, the aethalometer on the top of the tower at NAOK was equipped with a nafion dryer to ensure
269 consistent comparison between the two AE33 at different levels and between AE33 and AE51 under varying RH
270 levels throughout the day. The eBC measurements were done with and without the dryer at the drone and
271 compared to the AE33 eBC concentrations at the tower (both with Nafion dryers).

272 During this particular summer day, the AE51 on the drone without the dryer overestimated eBC mass
273 concentrations by 29 % (0.09 pg/m?®) at 4 m and by 53 % (0.22 pg/m?®) at 230 m compared to the reference AE33
274  (Figure 4a). After installing the silica gel dryer on the drone, the eBC measurements were closely aligned with
275  the reference observations, with the difference reduced to under 10% (0.01 pg/m® at 4 m and 0.02 pg/m?®at 230
276 m) at both heights (Figure 4b). This highlights the significant role of the dryer in minimizing the humidity impacts
277  and enhancing the accuracy of eBC mass concentration measurements from the micro-aethalometer AE51. These
278 findings further confirm the reliability of the drone platform and its effectiveness in providing eBC measurements

279 that compare well with long-term tower observations.
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283 3.2 Aerosol vertical profile at the rural site
284  Vertical profiles of eBC mass concentrations without the silica gel dryer and PNC were measured while hovering
285  the drone at different heights (4 m, 50 m, 100 m, 150 m, and 230 m) during the summer 2023 and winter 2024 at
286 NAOK simultaneously with the reference instruments (Figure 5). During summer, eBC mass concentration
287 remained relatively uniform up to the height of 50 m, followed by a decrease of 32 % (0.13 pug/m®) between 50
288  and 100m. Conversely, PNC dropped by 30 % (6 #/cm?) between 4 m and 50 m. In winter, eBC mass concentration
289  stayed constant up to 100 m and decreased by 18 % (0.16 ug/m®) between 100 m and 150 m. PNCs were constant
290  from the ground to 50 m but decreased by 39 % (24 #/cm®) between 50 m and 100 m. The significance of the
291 increase or decrease in eBC mass concentration and PNC was tested by the Kruskal-Wallis (KW) test (p < 0.05).
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296 Simultaneously, the vertical gradient of temperature and RH were examined during the winter campaign
297  to explain the vertical changes in eBC and PNC. The eBC, PNC, temperature, and RH comparison revealed no
298 significant temperature variation from the ground to 50m for both eBC mass and PNC (Figure 6). The uniform
299 temperature suggests stable atmospheric conditions that likely contributed to the accumulation of eBC and PNC
300  withinthe first 50 m. Previous studies reported such patterns, where primary emissions near the surface get trapped
301  under stable atmospheric conditions, leading to elevated concentrations of pollutants near the ground (Altstadter
302  etal., 2020). The temperature started to decrease with height above 50 m, and the PNCs decreased, while eBC
303 mass concentrations remained constant up to 100 m despite the temperature changes. This vertical pattern is
304  similar to the summer measurements, where eBC mass was uniform up to 50 m, and PNC decreased from the
305 ground. This indicates that differences in particle size may have brought the observed changes in PNC compared
306 to the unaffected eBC mass concentrations.
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308 Figure 6. Boxplots of (a) vertical distribution of eBC mass concentration from AE51 without dryer, temperature, and
309 RH, and (b) vertical distribution of PNC from OPC, temperature, and RH on the drone at NAOK from February 12
310 to 16, 2024.
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311 Further, the decrease in eBC mass concentration with height was more pronounced in summer (32 %)
312  compared to winter (18 %) at NAOK. On the contrary, PNC decreased with height more during winter (39 %)
313  thanin summer (30 %). While vertical mixing influences the vertical distribution of particles, the behavior of eBC
314  vertical distributions reflects the combination of particle size and atmospheric stability rather than primarily
315  depending on vertical mixing alone (Wang et al., 2018). Our results suggest that at least two aerosol populations

316  of different sizes and sources were measured during the year, thus with different vertical behaviors.

317 3.3. Aerosol vertical profiles at the urban site

318 At the urban site, eBC mass concentration and PNC measurements were conducted up to 100 m during summer
319 in two different years — 2023 and 2024. The eBC mass concentrations were measured without the dryer from
320  August 14 to August 20, 2023, and with the dryer from June 18 to June 23, 2024. During both summers, eBC
321 mass concentration and PNC were uniform up to the height of 1200m (Figure 7). This consistency can be attributed
322  toseveral factors. The high number of traffic emission sources at the site contributes to high and relatively stable
323 eBC concentrations in the lower atmosphere, similar to the results of (Liu et al., 2023). Also, enhanced thermal
324 convection and the urban heat island effect facilitate effective vertical mixing (Battaglia et al., 2017). Furthermore,
325  wind shear above 20 m/s per 100 m between all the heights (4-50m and 50-100m) during both years supports the
326 vertical transport of pollutants. The deeper and thermally driven convective boundary layer during summer further
327 increased turbulence, and vertical mixing helped to distribute the particles more evenly within the lower

328 atmospheric layers, thereby homogenizing the particle concentrations.
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330 Figure 7. Boxplots of eBC concentration from AE51 without a dryer (summer 2023) vs. with a dryer (summer 2024)
331 (left) and PNC from OPC at Prague during summer 2023 and 2024 (right).
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333 Figure 8. Boxplots of (a) eBC mass concentration from AE51 without dryer vs. Temperature vs. RH, and (b) PNC from
334 OPC vs. Temperature vs. RH on the drone at Prague from December 12 to December 18, 2023.

335 During the winter campaign at Prague from December 12 to December 18, 2023, a significant reduction
336 in both eBC mass concentration and PNC with increasing altitude was observed (Figure 8), contrasting with the
337 summer pattern. Specifically, eBC mass concentration decreased with height up to 100 m, while PNC dropped to
338 50 m from the ground and remained constant between 50 and 100 m. This behavior is mainly influenced by the
339 combination of strong emission sources in the urban environments, as described previously, and typical stable
340 atmospheric conditions in winter, preventing vertical mixing. The relatively smaller wind shear (11 m/s per 100
341 m between 50 — 100 m) further suppresses vertical mixing, trapping pollutants near the surface (Figure S9). As a
342 result, pollution remains confined closer to the emission sources, leading to higher concentrations near the ground
343 and a more pronounced decrease with height (Kotthaus et al., 2023). Additionally, the urban heat island effect
344  intensifies during stable conditions, causing temperature contrast between urban and rural areas, further reducing
345  the vertical dispersion of pollutants (Haeffelin et al., 2024).

346 Several outliers (extremely high levels) were detected in the eBC mass and PNC. During summer, the
347  outliers can be linked to increased turbulences and convective activities typically present during the warmer
348 months, which lead to more variability in pollutant dispersion (Lumet et al., 2024). Fewer outliers were observed
349  at NAOK for eBC and PNC during winter, but more pronounced outliers were present in winter measurements at
350 Prague. This high concentration was due to a high pollution event between December 13 and 14, 2023. This event
351 was marked by a sharp rise in PM levels, as confirmed by low visibility signals from the drone at 100 m and
352 ongoing PM measurements at the site (Figure S10). The vertical variation and other characteristics of this pollution

353 episode were thus further studied to get a better understanding of the influence of such an event on air quality.

354 34 Vertical variation during a high pollution event in Prague

355 An increase in eBC mass concentration and PNC characterized Prague's pollution event in December 2023. The
356 event started on December 13" at 13:00 and lasted until the morning of December 14™, 2023. This concentration
357 increase was primarily attributed to a low and stable boundary layer reaching 105 m above the ground (Figure
358 S11). The vertical variation of eBC and PNC, along with the size distribution, was assessed to evaluate the changes
359 one day before (i.e. December 12) and comprised 5 vertical profiles of eBC and 4 profiles of PNC. During the
360 event, 3 profiles for both eBC and PNC were measured, all showing a substantial increase in concentrations at all
361 heights (4m, 50m, and 100m) compared to the period before the pollution episode (Figure S12).

362 The highest increase in eBC concentrations during the event was observed at 100 m, with a 192% (2.5
363 pg/m?®) increase in median eBC levels compared to that before the event. Though less pronounced, the increase in
364  eBC concentration was also seen at 50 m and 4 m, with 130% (1.48 ug/m®) and 56% (1.66 ug/mq) increase,
365 respectively. The observed increase in eBC concentration at 100 m, just at the PBL height, suggests that while
366  ground-level emission had some impact, local atmospheric conditions allowed for some degree of vertical
367  transport of eBC from the above layer, likely influenced by long-distance transported particles. This is supported
368 by the back trajectory analyses, showing a change in trajectories from south to west at the beginning of the event,
369 associated with fast transport of continental air masses from both longer distances and higher altitudes, with the

370 upper levels (arriving at 500 m) changing first (Figure S13). The drone measurements not only support the
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371 measurements at the building (Figure S10), showing higher PM;5 and PM3o concentrations at 50 m compared to
372 10 m results, but also provide measurements at 100 m, confirming the largest enhancement in eBC concentration
373 during the event above the building compared to the ground and 50 m.

374 In contrast, PNC showed the highest increase at 4 m and 50 m in comparison to the day before the pollution event,
375  where PNC increased by 840 % (238 particles/cm®) and 860 % (151 #/cm?®), respectively, with a less pronounced
376 increase at 100 m (460 %, 137 #/cmq). This suggests that some particles, most likely generated from ground
377  sources, remained concentrated near the surface due to the limited vertical dispersion during the pollution episode.
378 Prior to the event, eBC concentrations exhibited a significant decrease (by 73 %) from the ground up to 100 m,
379 and PNC decreased by 38 % between 4 m and 50 m. However, the trend was notably altered during the event,
380  with no significant change in both eBC and PNC with the height.
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382 Figure 9. Mean particle number concentration dependence on particle size from OPC on the drone at different heights
383 before, during, and after the high pollution event in Prague.

384 The particle number size distributions at various heights reveal additional information (Figure 9). At 4m,
385 the concentration of particles smaller than 3 pm increased significantly during the event compared to the
386 distribution before the event, highlighting the production and accumulation of small particles near the ground. In
387 contrast, at 50 m and 100 m, concentrations of all particles were increased during the event, up to sizes of 10 um.
388 With the height, mainly the concentration of intermodal fraction, i.e., in sizes between 2.5 and 10 um, increased

389 in concentrations, potentially indicating contribution from longer distance transported aerosol and mixing
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390 processes that redistribute particles vertically. Before the event, particles up to 4 um in diameter were observed
391  near the ground due to winter stable atmospheric conditions (Gani et al., 2019), which restricted vertical mixing
392 and limited dispersion of pollutants. During the event, a substantial increase in larger particles was observed at
393 100 m (and partly also at 50 m), while almost no change was observed at the ground level concentrations,
394  remaining below 0.1 #/cm?, suggesting contributions from long-range transport disconnected from the ground. A
395  significant increase in PM mass was also observed across all heights (4 m, 50 m, and 100 m) (Figure S14). PM;
396  and PMys dominated the mass concentrations across all heights during the event, while PM1o saw the largest

397 increase at 100 m, again suggesting contributions from coarse particles and vertical mixing.

398 3.5. Seasonal Contrast

399  The vertical profiles of eBC mass concentration and PNCs in summer and winter were compared, revealing
400 significant differences in the seasonal vertical patterns between the two stations.

401 At NAOK in winter, a 100% (0.45 pg/m®) higher eBC mass concentration up to 50 m was found
402 compared to summer (Figure 10a). This difference can be attributed to more stable atmospheric conditions
403 (isothermic to temperature inversion) hindering vertical mixing and to an increased number of sources during
404  winter. At 100 m, the difference between winter and summer eBC mass concentration surged to 200% (0.5 pg/m®),
405 as in summer, a decrease in eBC concentrations was observed above 50 m, while it was observed from 100 m in
406  winter. In contrast, during the winter campaign at Prague, eBC mass concertation was 80% (0.88 pg/m®) higher
407 at the ground level compared to summer, but the difference decreased to 24 % (0.32 pug/m®) at 50 m (Figure 10b).
408 No significant difference in eBC mass concentrations in summer and winter was found at 100 m, indicating
409 effective dispersion at this altitude at Prague, likely influenced by local factors such as the surrounding plateau,
410  which alters airflow patterns and enhances the mixing of pollutants above the top of the valley.

411 For PNC at NAOK, a 200% (19 #/cm?3) increase was observed at ground level during winter compared
412 to summer, which extended to 336 % (26 #/cm?) at 50 m and 200 % (148 #/cm?®) at 100m (Figure 10c). However,
413 at 150 m, the difference dropped to 10% (1 #/cm?®), suggesting that particles disperse horizontally more rapidly
414  than vertically at this altitude, likely due to atmospheric stability restricting vertical movements during winter.
415  This is further supported by wind shear values between 100 — 150 m, which were 1.6 m/s per 100 m during
416 summer, indicating higher turbulence and stronger vertical mixing. In contrast, winter exhibited lower wind shear
417 (0.5 m/s per 100 m), signaling reduced turbulence and weaker vertical mixing (Figure S9), favoring horizontal

418 dispersion over vertical transport.

419 In contrast, in Prague, the PNC behaved differently i.e., higher concentration was measured in summer
420 compared to winter. The particle concentrations decreased with the height more during winter compared to
421 summer (Figure 10d), with only a small difference at the ground level (15 %) (7 #/cm3) and a higher difference at
422 50 mand 100 m (36 %, i.e. 10 #/cm® and 34 %, i.e. 12 #/cmq respectively).
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Figure 10. Boxplots of eBC mass concentration from AE51 and PNC from OPC on the drone during summer and

To understand these patterns further, particle size distribution was examined for the summer and winter
campaigns at NAOK and Prague (Figure 11). It is important to note that the size distribution analysis excluded
the high pollution event for Prague to avoid skewed results. At the NAOK site, the observed increase in PNC
during winter compared to summer was primarily due to increased PM; (particles less than or equal to 1 um in
size) across all the heights. Both seasons showed a general decline in concentration as particle size increased;
however, winter concentrations were consistently higher across all sizes (up to 3 um). This suggests that the
increase in PNC during winter at NAOK is primarily due to fine-mode particles, often associated with combustion

sources like residential heating (Hand et al., 2012). In contrast, summer exhibits lower concentrations and smaller
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Figure 11. Log-Log plot of the variation of mean particle number concentration with particle size from OPC on the

drone at different heights during summer (red) and winter (blue) at NAOK (left) and Prague (right).

At the urban site, Prague, the size distribution analysis showed a significant increase in the average
particle count for particles with sizes between 0.5 — 3 um during winter compared to summer across all heights.
Despite this increase, PNC was higher in summer than in winter (Figure 10d) due to higher summer concentrations
in the smallest size bin, < 0.5 pm (Figure 11). Although not fully recorded by OPC due to its size limit, these
particles could be attributed to new particle formation from photochemical reactions. This is supported by the
higher concentration of nitrogen dioxide (NO2) during summer (Figure S15), combined with increased sunlight
(Figure S16). Indeed, regions with higher NOy levels, such as urban areas, tend to have more frequent and intense
new particle formation events (Gao et al., 2012; Kulmala et al., 2004). The larger particles (2.5 - 8 um) showed a
more significant increase during winter in Prague, particularly at 100m, further suggesting contributions from

regional or long-range transported sources.
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448 4. Summary and conclusions

449  This study presents a comprehensive analysis of vertical measurements of eBC mass concentration and PNC using
450  drone-based profiling at a rural (NAOK) and an urban (Prague) site in the Czech Republic during different
451 seasons. A comparison of drone-deployed instruments with reference measurements at various heights of fixed
452 observational platforms (tall tower and building) was performed under various RH conditions and RH control

453  strategies.

454 The results show the effectiveness of drones for vertical profiling, offering results comparable to
455 reference instruments at various heights between 0 and 230 m and suggesting the applicability of drone eBC and
456 PNC measurements also in higher altitudes. When mounted on a drone, eBC mass concentrations from AE51 with
457  dryer were comparable at the ground and 230 m with the reference devices. Without the dryer, the eBC mass
458 concentration was overestimated by 276 % and 285% compared to the reference devices on the ground during
459 summer and winter, respectively, attributed to higher ambient RH levels. In comparison, results differ by less than
460 10 % from the reference when using a dryer. Thus, drying significantly reduces measurement discrepancies,
461 highlighting the importance of drying in minimizing the impact of RH, particularly for eBC measurements. These
462 findings emphasize the necessity of a drying system even on drone-based measurement platforms.

463 At the rural site (NAOK), eBC mass concentration and PNC decreased with height during both seasons,
464  though the height at which the decrease began was higher in winter than in summer. eBC mass concentrations
465  were uniformly distributed up to the first 50 m in summer and up to 100 m in winter. PNC decreased with the
466  height from the ground in summer, while it stayed uniform up to 50 m in winter, probably due to the stable
467  atmospheric conditions during this season, which also led to higher concentrations for both eBC and PNC
468  compared to summer. The higher concentrations during winter at NAOK were primarily driven by fine particles
469 (PM,) associated with combustion sources such as residential heating. However, our results suggest that at least
470  two aerosol populations of different sizes and sources were measured during the year, thus with different vertical
471 behaviors.

472 Conversely, at the urban site (Prague), both eBC and PNC were more uniform across altitudes in summer,
473  facilitated by strong emission sources and enhanced vertical mixing driven by the urban heat island effect. eBC
474 mass concentration and PNC in winter decrease with height, reflecting limited vertical mixing due to more stable
475 atmospheric conditions. PNC was higher in summer, likely due to increased secondary particle formation driven
476 by elevated levels of gaseous precursors and photochemical reactions. During a winter high pollution event in
477 Prague, both eBC and PNC concentrations increased, with long-range transport contributing to high eBC mass at
478 100m, while PNC remained concentrated near the surface. These emphasize the dynamic interaction of local
479  emissions, atmospheric stability, and long-range transport aerosols in shaping vertical concentration profiles,
480 undecipherable by only ground-based measurements. Using drone-based measurements to capture vertical

481  variation in air quality offers valuable insights into pollutant dynamics.
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