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 15 

Abstract.  16 

We present a lightweight holographic imaging instrument, the UAV-CPS (Unmanned 17 

Aerial Vehicle Cloud Particle Sensor), designed for high-resolution in-cloud particle 18 

measurements at a rate of 10 holograms per second. When mounted on a UAV, the 19 

instrument samples a well-defined volume of ~3 cm³ within a single hologram, providing 20 

sub-meter spatial resolution within targeted cloud regions such as stratiform cloud tops 21 

and cumuliform cloud edges. Compared to conventional platforms, such as research 22 

aircraft or tethered balloons, the UAV-based approach offers a cost-effective and 23 

versatile alternative, capable of accessing confined or remote areas. This enables 24 

improved validation of remote sensing products and provides observational constraints 25 

for cloud process rates in numerical cloud models. During a 16-day campaign 26 

comprising 14 flights at Pallas, Finland, UAV-CPS measurements were compared 27 

against reference instruments installed at the hilltop Sammaltunturi station. On average, 28 

UAV-CPS showed lower droplet concentrations in the 5–13 µm diameter range, while 29 

larger particles were captured with high accuracy. As with other holographic sensors, 30 

detecting and sizing the smallest droplets in a large measurement volume per hologram 31 
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remains challenging. However, these limitations are quantified and can be mitigated 32 

through calibration, complementary measurements, and ongoing instrument refinement, 33 

such as optimizing hologram reconstruction procedures and employing a shorter-34 

wavelength light source. In addition to introducing UAV-CPS, we present a case study 35 

that highlights the potential of such instrumentation for high-resolution cloud 36 

observations. 37 

 38 

1 Introduction 39 

Clouds are a fundamental component of the atmospheric system, exerting a strong 40 

influence on large-scale water circulation and atmospheric dynamics (Bony et al., 2015) 41 

as well as playing a key role in regulating the Earth's radiative balance. Despite their 42 

central importance, clouds remain a major source of uncertainty in climate projections 43 

and estimates of climate sensitivity (Cess et al., 1990; Stephens, 2005; Bony et al., 2015: 44 

Ceppi et al., 2021; Andersen et al., 2023). 45 

Cloud droplets form when supersaturated water vapor condenses onto aerosol particles 46 

and makes them grow from submicron to supermicron sizes. While the fundamental 47 

mechanisms, such as aerosol particles acting as cloud condensation nuclei and 48 

influencing cloud properties and precipitation, are well established (Twomey, 1977; 49 

Albrecht, 1989), the overall impacts of aerosol-cloud-precipitation interactions remain 50 

poorly understood. Other concurrent processes may also occur alongside aerosol 51 

effects, potentially buffering cloud responses to changes in aerosol properties (Stevens 52 

and Feingold, 2009). As a result, even estimates of cloud droplet number concentration 53 

susceptibility to aerosol changes remain highly uncertain in both observations and 54 

different model applications (Virtanen et al., 2025). 55 

The most challenging questions concern how aerosols affect cloud thickness and 56 

lifetime, which are key factors in a cloud’s influence on atmospheric radiative balance. 57 

Increased aerosol concentrations lead to an increase in the droplet number, which 58 

suppresses droplet growth and delays precipitation formation (Albrecht, 1989, 59 

Christensen et al., 2020). Under favorable meteorological conditions, this can enhance 60 

cloud liquid water content (LWC) and expand cloud spatial coverage (Christensen et al., 61 
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2024). 62 

On the other hand, cloud droplet number concentration affects the turbulent mixing at 63 

cloud boundaries and thus the entrainment of drier air into the cloud. Several studies 64 

based on satellite observations and related data retrievals suggest that the increase in 65 

droplet concentration in case of nonprecipitating clouds is linked with the reduction in 66 

the cloud liquid water path due to more efficient mixing at the cloud top (Gryspeerdt et 67 

al., 2019; Possner et al., 2020). This finding is also supported by large eddy simulations 68 

which account for the effect of cloud droplet sedimentation and interactions with 69 

radiation (Ackerman et al., 2004). More recently, increasing doubt has been presented 70 

on the strength of this effect. Satellite-based analyses are subject to retrieval 71 

uncertainties and data aggregation related biases (Feingold et al.; 2022, Arola et al., 72 

2022; Kokkola et al., 2025), and co-variability between aerosol loading and 73 

meteorological conditions further complicates the interpretation of observed 74 

relationships (Goren et al., 2025).  75 

Accurate characterization of small-scale variations in aerosol and cloud particle 76 

properties is essential for studying aerosol-cloud-precipitation interactions and related 77 

microphysical processes (Kainz and Hoffmann, 2023; Yeom et al., 2024). High-resolution 78 

in-situ holographic imaging instruments provide detailed size distributions, number 79 

concentrations, and information on particle phase, shape, orientation, and spatial 80 

distribution without requiring prior assumptions, in contrast to conventional cloud 81 

droplet spectrometers. These capabilities enable retrieval of key cloud properties, 82 

including size distribution, number concentration, and thus liquid water content. Recent 83 

advances in computational power have further allowed near-real-time operation 84 

(Henneberger et al., 2013; Kaikkonen et al., 2020; Zhang et al., 2023). Several research 85 

groups have recently employed holographic imaging instruments on a variety of 86 

platforms. Ground-based systems enable long-term observations (e.g., Henneberg et al., 87 

2013; Tiitta et al., 2022), while tethered balloons and cable cars facilitate atmospheric 88 

profiling (Beck et al., 2017). Equipping aircraft with holographic imagers extends the 89 

coverage to larger spatial domains (Desai et al., 2019). More recently, a lightweight 90 

imager has been developed for vertical cloud profiling using an untethered weather 91 

balloon (Chambers et al., 2023). The main limitation of holographic imaging has been the 92 
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maximum resolution, which typically limits the smallest observable droplets to around 6 93 

to 10 µm in diameter. Recently, this has been also extended down to 3.7 µm, which 94 

allows better characterization of cloud properties when conditions lead to smaller 95 

droplet sizes (e.g.  high aerosol loadings in polluted conditions, early stage of cloud 96 

lifetime, weak updrafts, high evaporation rates in mixing zones) (Fuchs et al., 2025). 97 

In this study, we demonstrate the feasibility of using the lightweight holographic imaging 98 

instrument UAV-CPS, mounted on an uncrewed aerial vehicle (UAV), for in-situ cloud 99 

measurements. UAVs are increasingly valuable in atmospheric science, enabling high-100 

resolution sampling of atmospheric properties in environments where manned aircraft 101 

or ground-based systems are impractical or cost-prohibitive (Kezoudi et al., 2021). 102 

However, conventional instruments are often too heavy or power-intensive for 103 

deployment on UAVs with limited payload capacity, highlighting the need for continued 104 

development of lightweight, accurate, and energy-efficient in situ probes specifically 105 

designed for UAV applications. Such instruments are widely used for meteorological, 106 

gas-phase, and aerosol observations; however, relatively few published operational 107 

deployments have focused on cloud microphysical properties. Developments beyond 108 

conventional optical particle counters toward a highly detailed characterization using 109 

holographic imaging systems remain limited (e.g. Kaikkonen et al., 2024; Fuchs et al., 110 

2025). Digital inline holographic imagers offer robust measurement capabilities with light, 111 

lensless designs that minimize aerodynamic drag and power consumption. 112 

With the UAV-CPS, the primary objective is to profile cloud interiors and investigate cloud 113 

boundaries, particularly cloud tops, to better understand the processes affecting the 114 

cloud microphysical properties. UAV-CPS is an enhanced version of the established 115 

ICEMET instrument (Kaikkonen et al., 2020; Molkoselkä et al., 2021; Tiitta et al., 2022), 116 

featuring a larger open sampling path. When mounted on a UAV platform, it offers greater 117 

flexibility in flight path control compared to tethered balloons. During a measurement 118 

campaign in Northern Finland, UAV-CPS was deployed alongside other lightweight 119 

aerosol and cloud instruments on multiple flights and UAV types, and its performance 120 

was also evaluated through comparisons with fixed reference instruments located at 121 

ground-based measurement stations. In addition, results from a selected case study 122 

were analyzed in the context of prevailing meteorological conditions to better 123 
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understand the processes affecting observed droplet size distribution and their vertical 124 

variability.   125 

 126 

2 Methods 127 

2.1 The flight campaign 128 

The flight campaign took place at the Arctic UAV base of Finnish Meteorological Institute 129 

on three days (13, 27, and 29 September 2023). The UAV base is surrounded by a square 130 

reserved airspace (area 196 km2, ceiling 2 km above ground level) as temporary danger 131 

(TEMPO D) area named Pallas. The airspace is authorized for beyond visual line-of-sight 132 

(BVLOS) operations, and it is centered at the Sammaltunturi station (67.97332N, 133 

24.11572E, 565 m above sea level) that served as a reference point for the vertical 134 

profiling during measurement campaigns. 135 

The flight launch site (68.01987N, 24.15016E, 305 m above sea level) was in the middle 136 

of an opening with low vegetation enabling smooth launch and landing. Altogether 11 137 

successful flights were selected for the analysis (Tables 1–2). Supporting in situ and 138 

remote sensing data on weather, aerosols and cloud properties were gathered from the 139 

nearby Sammaltunturi and Kenttärova stations that belong to the Pallas Atmosphere–140 

Ecosystem Supersite (Lohila et al., 2015). Figure 1 illustrates the locations and, as an 141 

example of operations, flight paths for flights T2 and V4.  142 

2.2 The UAV fleet 143 

2.2.1 Talon UAV fixed-wing platform 144 

The Talon UAV (X-UAV, Tian–Jie–Li Model Co., Ltd., China) is a fixed-wing airframe that 145 

has a wingspan of 1.718 m, a length of 1.1 m, and a maximum take-off weight of about 3 146 

kg. The Talon UAV carried the UAV-CPS and an atmospheric state measurement sensor 147 

(Bosch Sensortec BME280) for measuring temperature, relative humidity, and pressure. 148 

This platform was chosen because of its flat top, wide fuselage, and adequate mounting 149 

surface for the UAV-CPS on the airframe nose (Fig. 2). The data from the flight controller 150 

(Matek, H743-WING-V3) and a global positioning system (GPS) were saved on the flight 151 

controller’s mini-SD card. The UAV-CPS was controlled by a Raspberry pi 4B single board 152 
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computer (SBC) from where the holograms were saved on an external 1TB USB3 solid 153 

state drive (SSD) with time resolution of 10 Hz and the data from BME280 sensor was 154 

saved on a Raspberry Pi Zero with a time resolution of 1 Hz. The take-offs of the Talon 155 

UAV were carried out by hand throwing the aircraft (see Fig. 2). The flight was first 156 

controlled manually until the aircraft was switched to autopilot mode to follow the 157 

programmed flight path (Fig. S1) stored in flight controller’s memory. After completing 158 

the mission, the flight mode was switched again to manual for belly landing onto a 159 

smooth ground. 160 

2.2.2 Vertical take-off and landing uncrewed aircraft system platform 161 

The vertical take-off and landing (VTOL) uncrewed aircraft system (UAS) platform, 162 

callsign Marta (Fig. 3), was developed at Finnish Meteorological Institute (FMI) to study 163 

aerosol and cloud interactions (ACI) as part of the European Union Aerosol, Clouds and 164 

Trace Gases Research Infrastructure (ACTRIS) exploratory platform, mobile platforms 165 

(UAV) initiative. The VTOL (Foxtech Ltd., Model Great Shark) frame is made of Kevlar and 166 

carbon fiber, and it has a wingspan of 3.2 m and total flight weight of 23 kg. The inner 167 

space of about 14 liters is generous for the scientific payload. In this campaign we 168 

utilized a pair of condensation particle counters (CPC, TSI Inc. Model 3007) with cut-off 169 

diameters of 7 and 15 nm, a portable optical particle spectrometer (POPS, Handix Ltd.) 170 

with a measurement size range of 0.15-3 µm, both located inside the VTOL fuselage, and 171 

a pair of meteorological sensors (Bosch Sensortec BME280 and Sensirion AG SHT85) 172 

outside the VTOL fuselage. The flight location and altitude as well as all data from the 173 

sensors were logged on a Raspberry Pi 4 SBC with a resolution of 1 Hz. The aircraft take-174 

offs were controlled manually, and after the transition to fixed-wing mode an autopilot 175 

system followed the programmed flight paths stored in the autopilot's memory when in 176 

the air. After the mission, the VTOL returned to the launch location and landed 177 

autonomously. 178 

2.3 The UAV mounted instruments 179 

Clouds remain a major source of uncertainty in weather and climate models, and 180 

process-level understanding requires in situ measurements of droplet number 181 

concentration, size distributions, and liquid and ice water content at fine scales. 182 
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However, conventional instruments are often too heavy or power-intensive for 183 

deployment on small UAVs, where the desired weight would be clearly less than a 184 

kilogram with power consumption of less than 20 W to allow reasonable operational 185 

times of single missions. For such purposes digital inline holographic imagers offer 186 

robust measurement capabilities with lensless designs that minimize aerodynamic drag 187 

and energy requirements together with the ability to differentiate between spherical 188 

droplets and nonspherical ice particles. These advances promise to significantly 189 

enhance the feasibility of high-resolution cloud microphysical data collection, enabling 190 

new experiments and expanding observational coverage to under-sampled regions and 191 

cloud regimes.  192 

2.3.1 UAV Cloud Particle Sensor 193 

The UAV-CPS (Kaikkonen et al., 2024) is a lightweight (total weight 0.8 kg) digital 194 

holographic cloud particle measurement system prototype designed especially to be 195 

used on long flights on UAV platforms (power consumption less than 20 W). In our 196 

campaign, the UAV-CPS was mounted on the top and front part of the Talon UAV (Fig. 2) 197 

with the sampling volume open to the flight direction to ensure undisturbed air flow 198 

through the sensor. The sensor operation is based on recording 12 Megapixel resolution 199 

digital holograms of cloud particles inside an approximately 3 cm3 measurement volume 200 

with repetition frequency of 10 Hz, resulting in an airspeed-independent sampling rate of 201 

30 cm3/s. The upper detectable particle size, in turn, is only restricted by the area of the 202 

sampling volume, and particles up to millimeter size can be measured. 203 

The recorded holograms were post-processed after each flight. Numerical hologram 204 

analysis produced focused shadow images of each individual particle, and the particle 205 

sizes and properties were determined from these images. Examples of images are 206 

presented in Fig. 4, showing (a) a droplet, (b) a pollen particle, and (c) an ice particle. The 207 

particle shapes can be used to distinguish between these types. The particle size 208 

distribution was calculated between 5-200 µm, which was divided into typical 1 µm wide 209 

size bins.  210 

The performance of the UAV-CPS instrument was characterized more thoroughly than in 211 

the initial instrument validation presented by Kaikkonen et al. (2024). The 212 
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characterization was based on the same calibration data collected by dispensing a set 213 

of NIST-traceable monodisperse glass beads (Whitehouse Scientific, UK). In this study, 214 

the non-tracable 5 µm size was left out and data was analysed on the NIST-tracable size 215 

range of 9–156 µm. The beads were measured immediately after the field campaign in 216 

October 2023.  217 

The beads were blown into the sampling volume using a custom-built manual dispenser. 218 

The resulting datasets were analyzed using the same analysis volume definition and 219 

filtering criteria as applied in the cloud particle analysis, ensuring consistency between 220 

calibration and in-situ measurements.  221 

Particle size metrics (D10, D50, D90) were derived for each bead set, measurement 222 

repeatability was analyzed using a block-wise analysis if the data. This provides an 223 

estimate of short-term measurement stability, that includes variability from both the 224 

instrument and the sampling. Repeatability was expressed as the standard deviation and 225 

relative standard deviation (RSD). Combined measurement uncertainty was estimated 226 

by combining the repeatability with the uncertainty of the measured reference bead 227 

diameters. The number of detected glass beads varied considerably between datapoints, 228 

from approximately 105 beads for the smallest sizes to on the order of 102 particles for 229 

the largest sizes. This difference affects the statistical robustness of the derived size 230 

metrics, particularly for higher percentiles such as D90. 231 

The purpose of the calibration measurements was to characterize the instrument 232 

performance to define parameters for the analysis rather than to apply exact correction 233 

factors. It should be noted that glass beads used in the calibration do not have the same 234 

optical properties and imaging contrast as water droplets. As results, the uncertainty 235 

estimates should be considered indicative and to show a lower bound under high-236 

contrast conditions of the calibration tests. The size-dependent bias, repeatability and 237 

combined uncertainty results are presented in Section 3.4. The calibration datasets and 238 

analysis scripts are included in the supplementary material. 239 

2.3.2 Condensation particle counters 240 

The two condensation particle counters (CPC model 3007, TSI Inc.) were set to different 241 

cut-off diameters, one with 7 nm and the other with 15 nm. With such a configuration, 242 
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one can observe freshly nucleated particles in a diameter range of 7-15 nm (e.g. Brus et 243 

al, 2021).  The CPCs used the same length of the inlet (L=30 cm) made of conductive 244 

tubing, led from an additional piece of horizontal stainless-steel main inlet (L=15 cm) 245 

going through the VTOL fuselage and facing the flight direction. The inlet was not heated, 246 

nor was a dryer used. Due to temperature gradient between ambient and inside the 247 

fuselage, most of the in-flight relative humidity fell under 50 %. Penetration for the whole 248 

inlet was estimated to be between 90 % and 99 % for particles between 7 and 100 nm 249 

and 99 % for particles between 100 nm and 1 µm. The CPC calibration was done in the 250 

FMI laboratory through comparison with a Scanning Mobility Particle Sizer (SMPS; model 251 

3938, TSI Inc.) and a CPC (model 3776, TSI Inc.) following the procedures described by 252 

Hämeri et al. (2002) and Wiedensohler et al. (2018). The uncertainty of D50 values was 253 

determined to be ±0.8 nm. The total count of ambient air sample was compared to a full-254 

sized, more precise CPC (model 3772, TSI Corp.) with an agreement of 20 % uncertainty. 255 

2.3.3 Portable optical particle spectrometer 256 

The portable optical particle spectrometer (POPS, Handix Ltd.) is a lightweight 257 

instrument for measurements of aerosol number concentrations and size distributions 258 

(Gao et al., 2016). It uses a 405 nm diode laser for sizing aerosol particles within the 259 

nominal size range of 0.12–4.4 µm in 16 bins based on light scattering from individual 260 

particles that are sampled through an inlet nozzle. The POPS was calibrated by the 261 

manufacturer and used as such during the whole campaign. However, in-house 262 

calibration was done after the campaign, for details see Le at al. (2026). Also, it was 263 

reported by several studies (e.g. Pilz et al., 2022; Pohorsky et al., 2024) that the effective 264 

lower limit sizing is prone to substantial uncertainties in the first few bins and upper 265 

limit for reliable detection is approximately 3 µm. Since caution must be taken when 266 

interpreting the lowest and highest size bins. Similarly, as above, the POPS inlet was 267 

connected directly to the main inlet with 5 cm of conductive tubing.  268 

2.4 Ground based instruments at Sammaltunturi 269 

We utilized selected continuous aerosol, cloud, and weather measurements at 270 

Sammaltunturi station (67.97332N, 24.11572E, 565 m above sea level), which belongs 271 

to the Global Atmospheric Watch (GAW) program of World Meteorological Organization 272 
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and the Aerosol, Clouds and Trace Gases Research Infrastructure (ACTRIS RI). The 273 

station is located on top of a treeless hill, with frequent cloudy conditions, especially 274 

during autumns when the visibility drops below 1 km approximately 40 % of the time 275 

(Hatakka et al., 2003, Doulgeris et al., 2023). It is approximately 5 km from the flights 276 

take-off/landing site. 277 

Cloud interstitial and total aerosol size distributions were measured with a differential 278 

mobility analyzer (DMPS) in the size range of 10–800 nm at the time resolution of 6 279 

minutes by utilizing two size-selective sampling inlets: an interstitial inlet with a cut-off 280 

of 2.5 μm and a total inlet with no cut-off. The inlets were located at 2 m height above the 281 

station's roof and 6 m above the ground, and they were heated to avoid buildup of snow 282 

and ice. We estimated the activated particle size distribution and cloud droplet number 283 

concentration by integrating the difference between the total and cloud interstitial 284 

aerosol size distribution over the measured size range (e.g. Komppula et al., 2005; 285 

Virtanen et al., 2025). 286 

Cloud droplet size distribution was measured with two instruments: another holographic 287 

imaging instrument, ICEMET (University of Oulu, Finland; Kaikkonen et al., 2020) and a 288 

cloud droplet analyzer CDA (Palas GmbH, Germany). The ICEMET was mounted on top 289 

of the Sammaltunturi station, approximately 3 m above the rooftop. The operating 290 

principle of ICEMET is the same as that of the UAV-CPS, although it has a smaller 291 

sampling volume of approximately 0.3 cm3. The instrument has a wind vane to turn it so 292 

that the sampling volume is open to the prevailing wind. The ICEMET measurements were 293 

carried out at the time resolution of two seconds, and the analyzed size range of 5–200 294 

µm. The CDA is an optical aerosol spectrometer designed to measure the size 295 

distribution and number concentration of aerosols and cloud droplets. It operates on the 296 

principle of Mie scattering, detecting individual particles within an optically defined 297 

measurement volume. The CDA covers a size range from approximately 0.4 to 94 µm (in 298 

water-equivalent diameters). The CDA is configured with a Sigma inlet and a vertically 299 

oriented sampling system. It is important to note that the combination of the Sigma inlet 300 

and vertical orientation may lead to some cloud droplet losses. Further details on the 301 

instrument setup, calibration, and possible losses can be found in Doulgeris et al. (2025). 302 

The CDA measurements were carried out with a time resolution of 10 seconds and 303 
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averaged over one minute time intervals for further analysis. 304 

2.5 Cloudnet instruments at Kenttärova 305 

The Kenttärova station (67.98732N, 24.24326E, 347 m above sea level) is located at the 306 

foot of the Sammaltunturi hill. Established in 2002 and featuring a 20-meter-high 307 

measurement tower, the station provides data for studying atmosphere–biosphere 308 

interactions above a spruce forest (Lohila et al. 2015). In 2023, the station was equipped 309 

with cloud remote sensing measurements, and the station provides data from a Doppler 310 

cloud radar (model RPG-FMCW-94 RPG Radiometer Physics GmbH), ceilometers 311 

(Vaisala CL31 and CL61), a HALO Doppler wind lidar (HALO Photonics) and 312 

meteorological instruments, for details see Tukiainen et al., (2025). These data are 313 

processed and curated at the ACTRIS Cloudnet data portal that produces several daily 314 

data products. 315 

In this work, the variable ‘target classification’ in the Classification product (O’Connor, 316 

2024a; O’Connor, 2024b; O’Connor, 2024c) was used to characterize the cloud status at 317 

each altitude during the flights. It must be noted that the distance between the flight 318 

route and Kenttärova station was approximately 5 km, so the cloud on the flight route 319 

may not have been identical to that classified by the Cloudnet. 320 

2.6 Derived cloud properties 321 

We calculated the LWC as the sum of the masses of individual cloud droplets within the 322 

sampling volume, assuming a unit density of liquid water (1000 kg m-3). LWC reflects the 323 

bulk amount of condensed water in the measured air parcel. The median volume 324 

diameter (MVD) was defined as the droplet diameter at which half of the total liquid water 325 

volume is contained in smaller droplets and half in larger ones. While LWC provides 326 

information on the absolute amount of liquid water, MVD is a robust measure of the 327 

characteristic droplet size within the distribution 328 

2.7 Cloud model simulations  329 

To better understand the dynamics of the observed cloud and support the data analysis, 330 

we performed Large-Eddy-Simulations (LES) for the selected cloud case of 27 September 331 

2023, a double-layer cloud system comprising our sampling target a low-level liquid 332 
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stratocumulus cloud laying below a high-altitude ice cloud. Our research aimed to 333 

examine how boundary layer dynamics could have been affected by overlying ice clouds 334 

and by changes in the extent of coupling with surface-generated turbulence. We worked 335 

with UCLALES-SALSA, a state-of-the-art model that accounts for aerosol-cloud-336 

turbulence-radiation interactions combing the LES modelling framework of UCLALES 337 

(University of California Los Angeles large-eddy simulation model, Stevens et al., 2005) 338 

with the cloud microphysical scheme of SALSA (Sectional Aerosol representation 339 

module for LArge-Scale Applications, Tonttila et al., 2017; Tonttila et al., 2021). With a 340 

sectional dry-aerosol representation, the model simulates the transition from aerosols 341 

to cloud droplets, raindrops, and ice particles without prescribed size distributions or 342 

parameterized process rates. The UCLALES-SALSA has been previously used to simulate 343 

similar low altitude clouds producing high degree of closure with observations (Calderón 344 

et al., 2022).  345 

The model was initialized using vertical profiles of atmospheric variables derived from 346 

the ECMWF-ERA5 reanalyzed hourly data for a spatial area of 0.5 degrees x 0.5 degrees 347 

in latitude and longitude centered around the flight launch site. (Hersbach et al., 2023). 348 

Small adjustments for the boundary layer temperature and moisture content were made 349 

to adjust the cloud base at observed altitude. The model domain spanned 49 km² in area 350 

and 1.5 km in height, with horizontal and vertical resolutions of 50 m and 10 m, 351 

respectively.  Additional details on model initialization can be found in the supplemental 352 

information. 353 

 354 

3 Results 355 

3.1 Overview 356 

The exact times and maximum altitudes for each flight, as well as the cloud top altitude, 357 

are given in Tables 1–2. Figure 5, in turn, illustrates the respective target classification 358 

plots from the Cloudnet, zoomed to 0.4–3 km range. For a wider view of the cloud layers 359 

also at higher altitudes up to 12 km, the radar reflectivity factor products for each day are 360 

shown in Supplement (Fig. S2). The bars on top of the classification product plots in Fig. 361 

5 show the relative timing of the flights with different aircraft as an indication of 362 
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comparability of different measurement instruments with respect to the cloud structure. 363 

The UAV-CPS sampled the first cloud once on 13 September. The second and third 364 

clouds were each revisited three times on 27 and 29 September, respectively, enabling 365 

three successive observations of cloud evolution within approximately three hours (27 366 

September) and two hours (29 September). Although seven successful flights were 367 

performed, in the following we will mainly concentrate on the flights T3 and T4, as those 368 

provided continuous cloud deck. During T4, also the cloud base was low enough for 369 

reference observations at the Sammaltunturi ground station. The cloud particle 370 

measurement uncertainty of the UAV-CPS is assessed in Section 3.4 and is used to 371 

support the following comparisons.  372 

 373 

3.2 UAV-CPS intercomparison with surface-based instrumentation 374 

Figure 6 shows particle size distributions between 400 and 1200 m above sea level during 375 

flight T4, using the UAV-CPS. Data were averaged over 100 m altitude intervals. Although 376 

the instrument analyzed particles within the 5–1000 μm size range, 99.96 % of the 377 

particles were smaller than 50 μm, and thus the size axis in Fig. 6 was limited to 5–50 µm 378 

for clarity. 379 

Close to the cloud base, the observed droplet size distribution was unimodal, with a 380 

median number diameter of 9.8 µm. This mode grew with a median diameter increasing 381 

with height reaching a median diameter of 24.1 μm at the cloud top, while the number 382 

concentration within the mode decreased, particularly during ascent period of flight. At 383 

the cloud top, a second mode emerged, dominating the total droplet concentration. This 384 

bimodal feature was observed during both ascent and descent although the differences 385 

between those observational periods highlighted the variability in the cloud properties, 386 

especially in the upper half of the cloud (Figure 7). 387 

Figure 8 compares droplet size distribution measured by UAV-CPS at 550–580 m altitude 388 

with concurrent ICEMET and CDA measurements at Sammaltunturi. All three 389 

instruments showed the peak concentration at almost the same size: The derived MVDs 390 

were 12.5 µm (UAV-CPS), 12.1 µm (ICEMET), and 9.0 µm (CDA). Concentrations from 391 
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UAV-CPS and ICEMET matched closely for droplets greater than 13 µm, while below 13 392 

µm UAV-CPS underestimated particle concentrations by 24-100% relative to ICEMET. 393 

Differences at the larger end of the size spectrum were also observed, likely due to 394 

spatial separation of the instruments and inhomogeneity in cloud structure, which is 395 

analyzed in more detail in the following section.  396 

The lower size ranges from ICEMET and CDA at Sammaltunturi agreed well, indicating 397 

good agreement between those instruments. Direct comparisons, however, remain 398 

challenging due to differences in calibration procedures: while particle size was 399 

calibrated, number concentration was not. 400 

Based on DMPS analysis, the estimated concentration of activated particles was              401 

183 cm-3. Measured average CDNCs were 192 cm-3 for ICEMET and 94 cm-3 for CDA (Fig. 402 

7). For UAV-CPS, average CDNC at Sammaltunturi height was 112 cm-3 during ascent and 403 

124 cm-3 during descent, peaking at 145 cm-3 during the latter. Differences between 404 

ascent and descent periods indicate variability in cloud structure and even the cloud top 405 

height during flight T4. Figure S3 provides similar comparisons to Figure 7 for all UAV-CPS 406 

flights (T1-T7). 407 

Overall, DMPS analysis and ICEMET agreed well, whereas UAV-CPS and CDA reported 408 

concentrations about 40–50% lower. In case of the CDA, the discrepancy likely stems 409 

from the particle losses in the CDA inlet (Doulgeris et al., 2026 to be submitted). In case 410 

of UAV-CPS, the reduced sensitivity to the smallest particles is likely to contribute, but 411 

also the spatial difference between the Sammaltunturi station and the flight paths might 412 

cause uncertainty. These differences naturally impact the derived LWC, which was 0.145 413 

g/m3 (UAV-CPS), 0.199 g/m3 (ICEMET), and 0.028 g/m3 (CDA). 414 

3.3 Case study on aerosol cloud interactions 415 

Next, we utilized the UAV-CPS, POPS, and CPC measurements to examine aerosol-cloud 416 

processes during a warm cloud case observed on 27 September 2023 between 14:19 and 417 

16:05 UTC. The analysis focuses on data collected during VTOL flight V4 and Talon UAV 418 

flight T3. According to the Cloudnet target classification product (Fig. 5), the observed 419 

cloud extended from about 500 m to 1300 m altitude above sea level. The temperature 420 

within the cloud ranged from 8.0 °C at cloud base to 5.0 °C at cloud top (Fig. 9). The 421 
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temperature inversion at and above the cloud top was weak. During the different VTOL 422 

penetrations, it varied between 0.1 and 1.7 °C, being on average 0.6 °C, which is much 423 

less than typically in the marine stratocumulus clouds for example. 424 

Figure 9 shows the vertical profiles of aerosol and cloud properties from the two flights 425 

as a combined case study. In this case, the total aerosol concentration just below the 426 

cloud base was 680 cm-3. At cloud base (~500m), droplet activation reduced the aerosol 427 

concentration to an average of 322 cm⁻³, suggesting that approximately 53 % of particles 428 

were activated into cloud droplets when a well-mixed boundary layer is assumed. The 429 

decrease in concentration was strongest for >150 nm particles, of which 72 % were 430 

scavenged. Within the cloud, aerosol concentration gradually increased with altitude, 431 

reaching 520 cm-3 at the altitude of 1040 m. Above this level, the aerosol concentration 432 

rose sharply to 1041 cm-3 at the cloud top (1270 m). This increase in concentration was 433 

strongest for aerosol particles between 7 and 150 nm in diameter. At the cloud top, also 434 

the concentration of 7–15 nm particles increased, indicating the existence of freshly 435 

nucleated aerosol particles (Keil and Wendish 2001). 436 

Within the cloud, a fraction of accumulation mode particles was activated into cloud 437 

droplets (cloud scavenging), and these droplets grew with altitude (Fig. 9), in a similar 438 

way as during flight T4 (Fig. 6). Again, the highest cloud droplet number concentration 439 

values were observed at the cloud base and near the cloud top. The presence of a high 440 

number of relatively small droplets in these layers indicates that activation is taking 441 

place in both layers. These particles grew quickly to sizes of approximately 10 µm in 442 

diameter. At the cloud top, these small droplets coexisted with larger ones, resulting in 443 

a bimodal droplet size distribution, as seen in flight T4 (Fig. 6).  444 

Above the inspected cloud, a second cloud layer was observed at an altitude of 4-8 km 445 

(Fig. S2). This upper cloud layer suppressed radiative cooling, thereby suppressing 446 

turbulence formation in the boundary layer, a process that typically occurs in the 447 

absence of such a second layer (Leung et al., 2016). Since surface sensible heat flux was 448 

also very low as inspected from the ERA5 reanalysis, the boundary layer was likely 449 

decoupled. As a result, the number of cloud droplets could be smaller than estimated 450 

based on surface aerosol measurements alone. To explore this further, we performed 451 
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large eddy simulations. The results confirmed a decoupled boundary layer, with a 452 

minimum updraft velocity near 400–450 m, closely corresponding to the cloud base (Fig. 453 

S5a). At this altitude the characteristic updraft velocity was simulated to be ~0.13-0.15 454 

m/s. Under these decoupled conditions, the simulation showed that the reduction of 455 

CCN particles, with sizes larger than 80nm in diameter, within the cloud layer was much 456 

faster than in the surface-connected layer (Fig S5c). Specifically, CCN concentrations in 457 

the cloudy layer decreased by approximately 4.7 % per hour, whereas the loss rate in the 458 

surface-connected layer was less than 1 % per hour. Over time, this mechanism could 459 

lead to aerosol profiles consistent with observations. 460 

Interestingly, elevated concentrations of relatively small cloud droplets were observed 461 

near the cloud top. Due to the weak inversion, which was several degrees per kilometer 462 

less than is typical, for example, in marine stratocumulus, it is possible that free-463 

tropospheric air entrained into the cloud layer, leading to the activation of new cloud 464 

droplets at the cloud top. In the case of low radiative cooling, this process might have 465 

been triggered by local topography, as the fells surrounding the observation area rise to 466 

300 m above the local lake level with slopes up to 24 degrees. An alternative explanation 467 

for the small-droplet mode is heterogeneous evaporation within a diluting air parcel lifted 468 

through the inversion by stronger updrafts from the boundary layer. However, given the 469 

current setup of instrumentation in the two different UAV’s, it is difficult to conclude 470 

which was the dominant mechanism. Orography may also have affected the surface-471 

based droplet measurements, which had higher droplet concentrations than those from 472 

the airborne instruments. In the case of a decoupled boundary layer, hill slopes could 473 

introduce higher amounts of aerosol into the cloud layer from the surface. This, together 474 

with the increased updraft caused by the hill slope, could contribute to the higher 475 

concentration of small cloud droplets seen in Figure 8 (Anttila et al., 2012, 476 

Romakkaniemi et al., 2017). As illustrated in the topography map (Fig. S1), 477 

Sammaltunturi station is susceptible to such effects from all wind directions. These 478 

processes naturally increase the uncertainty when comparing surface- and airborne-479 

based droplet size distributions, particularly for smaller droplets, which adjust rapidly to 480 

changes in environmental conditions. 481 

It should be noted that the UAV-CPS flight occurred approximately 80 minutes after the 482 
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Aerosol-VTOL flight, which may explain some of the differences as the cloud processes 483 

could slowly decrease the aerosol and thus cloud droplet concentration. However, 484 

Cloudnet profiles did not indicate significant change in the classification of the lower 485 

cloud during these flights, as both featured drizzle and droplets. Only shortly after the 486 

latter flight, Cloudnet indicated that rain initiated from the cloud above. 487 

3.4 UAV-CPS measurement uncertainty and calibration performance 488 

The results of the performance characterization and uncertainty analysis of the UAV-CPS 489 

are shown in Fig. 11 and Fig. 12. The calibration analysis revealed a clear size-dependent 490 

measurement performance of the instrument, as typical for holographic instruments. 491 

The block-wise analysis resulted in a relative standard deviation (RSD) of approximately 492 

1–3% for D50 across the particle size range investigated, which indicates stable short-493 

term measurement performance. Repeatability remained below 2% for most particle 494 

sizes and did not show strong dependence on particle diameter.  495 

Systematic bias was found to have a typical behavior for holographic imaging systems, 496 

the sizes close to the optical resolving power are overestimated. In the case of UAV-CPS, 497 

the smallest bead size (~9 µm) was overestimated by approximately 10–15%, whereas 498 

the largest bead sizes had very small relative bias.  499 

The combined expanded uncertainty (k = 2), which includes both repeatability and 500 

reference measurement uncertainty, increased with particle size. This reflects both the 501 

increasing spread in the measurement results and the uncertainty of the reference bead 502 

diameters, which exhibit quite large size range. In relative terms, the measurement 503 

uncertainty remained low across the whole investigated size range. 504 

Overall, the results indicate that random measurement variability remains small 505 

compared to the systematic effects, especially for small particle sizes. Consequently, 506 

the differences observed in the in-situ measurements between UAV-CPS and other 507 

instruments in Section 3.2 primarily result from the size-dependent detection efficiency 508 

and resolution limitations which affect the detection of the smallest cloud particles. 509 

 510 

4 Discussion 511 
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The newly developed lightweight holographic imaging sensor, UAV-CPS (Kaikkonen et al., 512 

2024), demonstrated reliable performance when mounted on a fixed-wing UAV, enabling 513 

high-frequency in-situ cloud particle measurements. Detailed comparisons between 514 

UAV-CPS and the reference sensor ICEMET revealed some expected limitations, 515 

particularly in detecting the smallest particles.  516 

The theoretical lateral optical resolution of the UAV-CPS varies inside the measurement 517 

volume between approximately from 5 µm to 10 µm. This means that the size of the 518 

smallest particles can be determined accurately only inside the volume of the higher 519 

optical resolution, which is situated on the camera side of the measurement volume. 520 

This variation in optical resolution also leads to the non-detection of some of the 521 

smallest particles (< 10 µm), as the intensity of their shadow images decreases with 522 

distance from the detector and may fall below the detection threshold of the hologram 523 

analysis algorithm. This is analogous with our results, which showed that UAV-CPS likely 524 

underestimated the number concentration of particles smaller than 10 µm in diameter 525 

compared with ICEMET (Fig. 8). This discrepancy is partly due the varying optical 526 

resolution of the UAV-CPS across the measurement volume, in contrast to ICEMET’s 527 

more uniform optical resolution of 5 µm or better. Holographic systems are also known 528 

to overestimate particle sizes near their lateral optical resolution limit (Henneberger et 529 

al., 2013; Kaikkonen et al., 2024). For example, UAV-CPS measured a median diameter 530 

of 8.4 µm for monodisperse 5 µm glass spheres (Kaikkonen et al., 2024), illustrating 531 

resolution-related detection uncertainty. Consistently, the calibration results presented 532 

here show a clear size-dependent bias for particles below approximately 10 µm in 533 

diameter. In the future, the accuracy of concentration and particle-size measurements 534 

for particles smaller than 10 µm in the UAV‑CPS could be improved by developing 535 

analysis scripts that restrict the analysis volume to the higher‑resolution regions 536 

specifically used for detecting these smallest particles. Such an analysis script would 537 

very likely also enable the application of a calibration correction factor to determine the 538 

smaller particle sizes more accurately, which is currently not feasible for the UAV‑CPS, 539 

unlike in the case of the ICEMET. Without such calibration, resolution limitations can 540 

lead to considerable uncertainties in derived parameters such as LWC, especially close 541 

to the cloud base where average droplet size is small. In addition, if a suitable shorter 542 
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wavelength laser diode can be found for the UAV-CPS, it would improve the achievable 543 

theoretical optical resolution and enable the detection of smaller droplets in a larger 544 

volume than is currently possible. In summary, future investigations should assess how 545 

the proposed approaches for limiting the measurement volume in all three dimensions 546 

could improve small‑particle detection, and whether changes in the optical 547 

configuration—such as employing a shorter‑wavelength laser diode—could further 548 

enhance resolution and particle segmentation. 549 

Derived quantities such as MVD and LWC are sensitive not only to the accurate 550 

determination of droplet sizes but also to the calibration of number concentration 551 

measurements. Many cloud instruments lack proper calibration of particle number 552 

concentrations, which can introduce significant uncertainties in LWC estimates. In 553 

contrast, holographic imaging instruments generally provide reliable number 554 

concentration measurements, as the sampling volume is well-defined, and the number 555 

of droplets within this volume can be accurately counted. This advantage contributes to 556 

improved confidence in LWC retrievals despite remaining challenges related to size 557 

resolution. 558 

Parallel measurements using complementary instruments, such as POPS for aerosol 559 

characterization and a miniaturized cloud droplet probe, would help to mitigate 560 

limitations related to size resolution and sampling volume. Although such 561 

measurements were not conducted here on a single platform, the combined use of POPS 562 

and UAV-CPS has strong potential to provide detailed insights into aerosol–cloud 563 

interactions. So far simultaneous observations have often relied on coordinated 564 

operation of multiple UAVs, which introduces additional spatiotemporal uncertainty in 565 

the intercomparison of measured size resolution and sampling volume. This is changing 566 

with smaller instruments and the employment of larger UAVs. 567 

An alternative approach would be to perform simultaneous measurements using 568 

multiple instruments mounted on a tethered balloon, which typically provides a 569 

substantially higher payload capacity than most uncrewed aerial vehicles (UAVs). This 570 

configuration would enable concurrent observations within the same cloud volume 571 

(Schlenczek et al., 2025). The more appropriate platform ultimately depends on the 572 
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specific application and operational environment. While tethered balloons offer 573 

increased payload capacity and longer sampling durations, their maneuverability is 574 

limited, and they impose operational constraints, particularly in environments with 575 

obstacles such as trees, masts, or power lines.  576 

UAV mounted lightweight instruments have also potential for verifying and improving 577 

remote sensing measurements, such as the Cloudnet products. As an example, Figure 578 

12 compares the vertical profiles of effective diameter, and liquid water content 579 

calculated from the UAV-CPS data from Cloudnet and Sammaltunturi station 580 

measurements. The differences can be attributed not only to limitations in UAV CPS 581 

sizing but also to uncertainties in the retrieval of cloud microphysical properties from 582 

remote sensing observations, as well as to spatial separation since the flight routes were 583 

located approximately 5 km from the Cloudnet site. A more detailed analysis is needed 584 

to quantify the impacts of the retrieval and collocation uncertainties. 585 

 586 

5 Conclusions 587 

This study demonstrates that the lightweight holographic imaging sensor UAV-CPS, 588 

when mounted on a UAV platform, provides high-resolution cloud particle 589 

measurements at high temporal resolution. The portability and operational flexibility of 590 

the system allow targeted in situ observations in specific cloud regions, such as 591 

stratiform cloud tops and cumuliform cloud edges.  592 

Compared to traditional platforms like research aircraft or tethered balloons, the UAV-593 

based system offers a cost-effective and flexible alternative, with the added benefit of 594 

being deployable in more confined or remote locations. This capability opens new 595 

possibilities for highly targeted observations, for example improving products from cloud 596 

radars in a location like Pallas, where it is possible to fly directly above the instrument. 597 

Moreover, UAV measurements can support the validation of satellite remote sensing 598 

products, where retrieved properties, such as cloud droplet effective radius, are 599 

sensitive to variability in cloud microphysical properties (Kokkola et al., 2025). Finally, 600 

these high-resolution in situ observations can enhance cloud process models, 601 

facilitating the connection between microphysical measurements and cloud dynamics 602 
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(Calderón et al., 2022). 603 

Although the sensors' uncertainty in sizing the droplets in a range of 5-10 is higher than 604 

for larger droplets, this is well-characterized and can be addressed through calibration, 605 

complementary measurements, and future instrument development. Improving optical 606 

resolution, for example, by optimizing the measurement volume and using a shorter-607 

wavelength light source may further enhance the accuracy of small-particle detection. 608 

The successful use of UAV-CPS in combination with aerosol observations in this study 609 

highlights the value of multi-instrument approaches for capturing a wider size and 610 

concentration spectrum. 611 

The development of miniaturized sensors such as UAV-CPS represents a significant step 612 

forward in enabling cloud microphysical measurements. When operated from UAVs, 613 

these instruments allow sub-meter scale resolution of cloud properties at the cloud top, 614 

which remains a critical region in reducing uncertainties in the modelling tools used for 615 

climate projections. 616 
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FIGURES AND TABLES 865 

 866 

867 
Figure 1. Map of Pallas campaign site. Red dot = UAV launch field, magenta dot = 868 
Sammaltunturi station (ICEMET, aerosols, meteorology), cyan dot = Kenttärova station 869 
(Cloudnet). The distance among places is approx. 5 km, red circle = the maximum range 870 
of the flights, blue line = path of flight T2, pink line = path of flight V4. The map contains 871 
open data from the National Land Survey of Finland Topographic Database 03/2024 872 
(under CC 4.0 license). 873 
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874 
Figure 2. The UAV-CPS mounted on the nose of the Talon UAV. 875 

876 
Figure 3: The vertical take-off and landing (VTOL) uncrewed aircraft system (UAS) 877 
platform, callsign Marta (A) and its inner volume for scientific instruments (B). 878 

 879 

 880 
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 881 

Figure 4. Examples of particle shadow images captured by the UAV-CPS instrument. a) 882 
cloud droplet, b) pine pollen and c) ice crystal. Equivalent diameters of particles are 20 883 
µm, 71 µm and 286 µm, respectively. 884 
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 886 

 887 

Figure 5. The times of the flights with UAV-CPS and Aerosol-VTOL (callsign Marta) are 888 
shown along with the Cloudnet target classification, zoomed to 0.4–3 km, of the 889 
respective day. Three different days were investigated: (a) 13, (b) 27, and (c) 29 890 
September 2023. 891 

 892 

 893 
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894 
Figure 6. Particle size distributions measured with UAV-CPS at 400–1200 m height during 895 
flight T4. The size distributions are averaged over 100 m altitude bins. 896 

 897 

 898 

 899 

 900 
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 903 

 904 

 905 

Figure 7. The cloud droplet number concentration (CDNC) during flight T4, measured 906 
with UAV-CPS (black) during ascent (solid line) and descent (dashed line), ICEMET (bright 907 
yellow), and CDA (dark cyan), and that estimated from the DMPS analysis (dark purple). 908 

 909 
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911 
Figure 8. The average particle size distribution measured with UAV-CPS when at 550–580 912 
m altitude, and those measured with ICEMET and CDA at Sammaltunturi during flight T4. 913 
The shaded areas are standard deviations and indicate the extent of variation. 914 

 915 

 916 

 917 

 918 
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 921 

 922 

Figure 9. Vertical profiles of: a) number concentration (N) for particles >7 nm, >15 nm, 923 
and >150 nm, b) temperature (T), c) relative humidity (RH), and d) & e) size distribution of 924 
particles >150 nm, combined from flights V4 and T3. Temperature and relative humidity 925 
are shown separately for each ascent and descent, while all other curves represent 926 
averages over the entire flight. 927 
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 932 

 933 

Figure 10. For D50, size-dependent bias (left axis) and repeatability presented as relative 934 
standard deviation (RSD, right axis) from the calibration bead measurements. The results 935 
indicate that while the repeatability remains low (under 3%), systematic bias is clearly 936 
larger for the smallest particles. This highlights the influence of optical resolving power 937 
limit on sizing accuracy. 938 

 939 

  940 
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 942 

 943 

Figure 11. Combined expanded uncertainty (k=2) for D10, D50 and D90 as a function of 944 
particle diameter. The results show the size-dependent uncertainty across different 945 
parts of the particle size distribution (PSD), the variations reflect both measurement 946 
repeatability and reference glass bead size uncertainty. 947 

 948 

https://doi.org/10.5194/egusphere-2026-2088
Preprint. Discussion started: 30 June 2026
c© Author(s) 2026. CC BY 4.0 License.



41 
 

 949 

Figure 12. Vertical profiles of cloud droplet number concentration (a & d), effective 950 
diameter (b & e), and liquid water content (c & f)) calculated from the UAV-CPS data 951 
from Cloudnet and Sammaltunturi station measurements. The observations are 952 
matched by using mean wind and corresponding delays, 8 min for 27 September 2023 953 
(a-c) and 3 min for 29 September 2023 (d-f). The blue shading depicts cloud boundaries 954 
as determined by Cloudnet. 955 

 956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

https://doi.org/10.5194/egusphere-2026-2088
Preprint. Discussion started: 30 June 2026
c© Author(s) 2026. CC BY 4.0 License.



42 
 

Table 1. Flights with UAV-CPS mounted on Talon UAV. 964 

Flight Start time (UTC) End time (UTC) Maximum 
altitude (m) 

Cloud top (m) 

T1 2023-09-13 09:37 2023-09-13 09:57 2290 1290 
T2 2023-09-27 13:37 2023-09-27 14:09 1610 890 
T3 2023-09-27 15:36 2023-09-27 16:05 1300 1270 
T4 2023-09-27 16:14 2023-09-27 16:35 1550 1190 
T5 2023-09-29 09:17 2023-09-29 09:41 1900 1330 
T6 2023-09-29 09:58 2023-09-29 10:21 1600 1170 
T7 2023-09-29 10:31 2023-09-29 10:48 1760 1170 

 965 

Table 2. Flights with POPS and CPCs mounted on VTOL. 966 

Flight Start time (UTC) End time (UTC) Maximum 
altitude (m) 

V1 2023-09-27 08:26 2023-09-27 08:50 1200 
V2 2023-09-27 10:39 2023-09-27 11:06 1290 
V3 2023-09-27 12:41 2023-09-27 13:07 1900 
V4 2023-09-27 14:19 2023-09-27 14:44 1900 
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