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Abstract. This study presents the unique capability of the Department of Energy (DOE) ArcticShark – a mid-size fixed-wing 

Uncrewed Aerial System (UAS) – for measuring vertically resolved atmospheric properties over the Southern Great Plains 

(SGP) of the United States. Focusing on atmospheric states, such as ambient temperature and wind, and aerosol properties, we 

overview measurements from 32 research flights (~ 97 flight hours) carried out in 2023. The August operations, aided by a 15 

visual observer on a chase plane, allowed for extensive UAS coverage, surpassing typical UAS operation envelopes. Our data 

from March, June, and August 2023 reveal distinctive seasonal patterns within the atmospheric column through unique 

chemical composition measurements. These two measurement techniques— in In situ and measurements combined with 

remote sensing— retrievals and radiosonde measurements  provided valuable insights into their consistency and 

complementarity. The August operations, aided by a visual observer on a chase plane, allowed for extensive UAS coverage, 20 

surpassing typical UAS operation envelopes. Furthermore, we demonstrate the capabilities of the ArcticShark through several 

case studies, including the analyses of correlations between UAS-derived atmospheric profiles and conventional radiosonde 

measurements, as well as the derivation of vertically resolved profiles of aerosol chemical, optical, and microphysical 

properties. These case studies highlight the versatility of the ArcticShark UAS as a powerful tool for comprehensive 

atmospheric research, effectively bridging data gaps and enhancing our understanding of vertical atmospheric structures in the 25 

region. 

1 Introduction 

The Southern Great Plains (SGP) region of the United States has long been a focal point for atmospheric research due to 

its unique geographical and meteorological characteristics (Phillips and Klein, 2014; Williams et al., 2016). Extending across 

several states, including Oklahoma, Kansas, and Texas, this area offers diverse environmental conditions, making it an ideal 30 
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location for studying various atmospheric phenomena (Sisterson et al., 2016; Song et al., 2005). This region is also susceptible 

to extreme weather events (Kelley and Ardon-Dryer, 2021; Mullens and McPherson, 2019). All of these factors led the 

Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) Program to establish its first comprehensive 

measurement site at this location in the 1990s (Sisterson et al., 2016). For 30 years, measurement capabilities at the ARM SGP 

observatory have kept expanding, including multiple observational platforms with comprehensive instruments for extensive 35 

atmospheric, aerosol, and cloud observations. Researchers have utilized the long-term observations from the ARM SGP 

observatory to gain valuable insights into the dynamics of convective systems, to enable the development of more accurate 

climate model simulation, and to further investigate aerosol-cloud interactions (Phillips et al., 2017; Tao et al., 2019; Zheng et 

al., 2020).  

Moreover, the ARM SGP has been a hub for pioneering efforts in atmospheric remote sensing to provide a vertical 40 

context of atmospheric processes. Radiosondes are launched regularly to collect temperature, humidity, and pressure data at 

various altitudes (Berg et al., 2015; Gartzke et al., 2017). State-of-the-art instruments, such as radar systems, lidars, and 

advanced meteorological towers, have been deployed to capture data on the vertical structure and dynamics of the atmosphere 

(Dupont et al., 2011; Thorsen and Fu, 2015; Turner et al., 2016; Jensen et al., 2016; Naud et al., 2003). These capabilities have 

revolutionized ARM’s ability to monitor and analyze atmospheric processes, from boundary layer evolution to cloud 45 

microphysics (Dupont et al., 2011; Kennedy et al., 2014; Ou et al., 2002; Riedi et al., 2001; Zhang et al., 2013). Although the 

continuous monitoring of boundary layer dynamics, along with specific aerosol and cloud vertical properties provided by 

radiosondes and remote sensing measurements, provides valuable data, these methods have certain limitations, such as reduced 

vertical measurement accuracy due to dense clouds and heavy aerosol pollution and insufficient spatial and temporal resolution 

(Balsamo et al., 2018; Geerts et al., 2018; Rahman, 2023).  50 

Airborne measurements offer crucial insights into the dynamic interactions within Earth’s atmosphere due to their 

extensive spatial coverage, high vertical resolution, and flexibility  (Wendisch and Brenguier, 2013). In the past decades, the 

SGP observatory has functioned as a central hub, facilitating numerous field studies for collaborative research involving 

ground and airborne measurements (Andrews et al., 2004; Delle Monache et al., 2004; Feingold et al., 2006; Knobelspiesse et 

al., 2008; Vogelmann et al., 2012; Biraud et al., 2013; Turner et al., 2014; Endo et al., 2015; Lu et al., 2016; Fast et al.,  2019; 55 

Schobesberger et al., 2023). During these field campaigns, research aircraft were deployed to conduct intensive observations. 

The airborne platforms carried specialized instruments at various altitudes to capture detailed information on atmospheric 

properties in the SGP region, such as seasonal differences in the vertical profiles of aerosol optical properties (Andrews et al., 

2011). The presence of varied land cover, including agricultural fields, grasslands, and urban areas, also offers an excellent 

opportunity for examining land-atmosphere interactions and understanding how different surfaces influence local weather 60 

patterns, energy fluxes, and greenhouse gas exchanges (Fast et al., 2022; Fast et al., 2019; Parworth et al., 2015; Tao et al., 

2019; Wang et al., 2023; Zheng et al., 2020).  

Anchored at the SGP observatory, the ARM program has continually expanded its capabilities by developing various 

observational platforms to support the science community. To improve the current understanding of cloud-aerosol interactions, 
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radiative processes, and the impacts of aerosols on both regional and global climate, the ARM program has enhanced its 65 

capabilities by incorporating tethered balloon systems and Uncrewed Aerial System (UAS) alongside traditional (crewed) 

aircraft since 2017 (Creamean et al., 2021; Dexheimer et al., 2019; Mei et al., 2022). The ARM Aerial Facility (AAF) (Schmid 

et al., 2014) has successfully transitioned a mid-size UAS – , the ArcticShark, from test flights to an operational platform 

available to community users (https://arm.gov/news/facility/post/97628). The ArcticShark offers flexibility, cost-effectiveness, 

and operational advantages. It is highly suitable for supporting the DOE mission to enhance our understanding of atmospheric 70 

processes and enable more precise and comprehensive environmental monitoring.   

This paper introduces a novel dataset of airborne measurements collected in 2023 above the central facility of the ARM 

SGP observatory using the ArcticShark UAS. The study employed various flight patterns to optimize the integration of ground-

based and UAS-borne instruments, focusing on vertically resolved aerosol properties in the SGP region. By combining ARM’s 

UAS capabilities with the established ground-based remote sensing data, this research provides a unique dataset that enables 75 

the scientific community to explore atmospheric vertical structures in unprecedented detail . Additionally, insights into aerosol 

chemical properties at higher altitudes can be obtained through innovative analyses of particle samples collected during UAS 

deployments. Overall, with its ability to conduct long-duration flights and carry multiple payloads, the ArcticShark 

successfully bridged observational gaps and showed great potential to enhance our understanding of vertical atmospheric 

structures. This integration of UAS and ground-based measurements represents a significant advancement in atmospheric data 80 

collection, particularly for studying aerosols and their impacts on weather and climate.  

2 Data and Measurements 

2.1 ArcticShark in situ measurements  

 The ArcticShark is an advanced mid-sizefixed-wing (6.7 meters wingspan) UAS supported by the DOE ARM 

program to conduct atmospheric research (https://www.arm.gov/guidance/campaign-guidelines/arcticshark). The ArcticShark 85 

can carry a scientific payload of up to 45 kg (~100 lbs), which can include a variety of meteorological, aerosol, trace-gas, and 

cloud instruments. The ArcticShark can reach altitudes of up to 5,500 m and has a flight duration of up to 8 hours. This 

operational range enables data collection over a large spatial area and extended time periods, providing a detailed picture of 

the atmospheric state. The ArcticShark was intensively operated by the AAF in March, June, and August of 2023, allowing 

for comprehensive data collection above the ARM SGP observatory and contributing valuable data to the scientific community. 90 

Throughout three deployments, the AAF engineering and science flights primarily aimed to comprehend the flight operation 

envelope and determine the optimal operational parameters. Additionally, these flights carried out the scientific measurements 

of thermodynamics, aerosols, and land-surface properties and the exploration of various flight patterns to effectively address 

various scientific questions. 

 The ArcticShark has an interior payload bay of around 85 Liters and four underwing-mounted pylons to carry these 95 

various instrument packages. It provides 2500 W of electrical power specifically for operating the scientific payloads, enabling 

https://arm.gov/news/facility/post/97628
https://www.arm.gov/guidance/campaign-guidelines/arcticshark


4 

 

the integration of multiple sensors simultaneously. The typical measurements include atmospheric state and thermodynamic 

properties (temperature, humidity, pressure, and 3-D wind components), aerosol (total number concentration, size distribution, 

optical properties, and chemical compositions) and cloud measurements, atmospheric gases (water vapor and carbon dioxide 

concentrations), and land surface monitoring (infrared surface temperature and multispectral images) (Mei et al., 2022; Mei et 100 

al., 2024) (detailed in Table 1). More information about the instrumentation has been published before and included in the 

supplementary (Mei et al., 2022; Mei et al., 2024) . Although the typical measurements acquire data at a 1 Hz sampling rate, 

the ArcticShark is also equipped with the advanced meteorological instrument, the Airborne Inertial Measurement and 

Meteorological System (AIMMS-30), to provide high-frequency wind measurements. The AIMMS-30  was tested and 

calibrated under using specific flight maneuvers and flight patterns to ensure the accuracy and reliability of the data collected 105 

during the first flight of each mission. Using the data With from theese calibration flights and appropriate post-processing, the 

ArcticShark can provide wind data at a rate of 100 Hz to the scientific community (DOI: 10.5439/2204047), which can be 

used to derive further turbulence parameters, such as turbulence kinetic energy (TKE). Before and after each deployment, the 

aerosol instruments were calibrated in the lab to ensure counting efficiency and sizing accuracy. During deployment, their 

performance was checked against AAF standard instruments to maintain data consistency and high-quality results (Mei et al., 110 

2022). 

Table 1.  DOI information of ArcticShark and VAPs datasets 

ARM data product Description DOI 

aafh2o (Burk et al.) Airborne measurements of H2O concentrations https://doi.org/10.5439/1821160 

aafirt (Burk et al.) Infrared Thermometer (IRT) on airborne platform https://doi.org/10.5439/1821129 

aafnav (Mei) ARM Aerial Facility (AAF) Navigation (NAV) 

Datastream 

https://doi.org/10.5439/1339718 

aafnavvec ARM Aerial Facility (AAF) VectorNav, VN-200, GPS-

Aided Inertial Navigation System 

https://doi.org/10.5439/1238153 

aafmcpc Unmanned Aircraft Systems, Mixing Condensation 

Particle Counter 

https://doi.org/10.5439/1820906 

aafpops Portable Optical Particle Counter https://doi.org/10.5439/2322345 

aafstap Single Channel Tricolor Absorption Photometer https://doi.org/10.5439/1838697 

aafmetaims100hz Integrated Meteorological Measurement System 

(AIMMS) - 100 Hz Meteorological data 

https://doi.org/10.5439/2204047 

aaffiltsamp Unmanned Aircraft Systems, Filter Sampler https://doi.org/10.5439/1821176 

aafmopc Miniaturized Optical Particle Counter https://doi.org/10.5439/1838698 

aafnavaims Integrated Meteorological Measurement System 

(AIMMS) - Navigation data 

https://doi.org/10.5439/1238157 
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aafmetaims Integrated Meteorological Measurement System 

(AIMMS) - Meteorological data 

https://doi.org/10.5439/1349241 

aaftrh Temperature and Relative Humidity https://doi.org/10.5439/1820905 

aafcdp Cloud Droplet Probe https://doi.org/10.5439/1561461 

aafnavaims100hz Integrated Meteorological Measurement System 

(AIMMS) - 100 Hz Navigation data 

https://doi.org/10.5439/2204048 

CLDTYPE Cloud Type Classification https://doi.org/10.5439/1349884 

MPLCMASKML Micropulse Lidar cloud mask using machine learning 

model from Cromwell et al.. Al (2019). 

https://doi.org/10.5439/1637940 

CEILPBLHT Ceilometer (CEIL): planetary boundary-layer height 

(PBLHT)s 

https://doi.org/10.5439/1095593 

PBLHTMPL1SAWYERLI PBLHT from Micropulse lidar data https://doi.org/10.5439/1637942 

PBLHTDL PBLHT from Doppler lidar data https://doi.org/10.5439/1726254 

PBLHTRL1ZHANG PBLHTPlanetary Boundary Layer derived from Raman 

Lidar data using Damao Zhang algorithm 

https://doi.org/10.5439/2282350 

RLPROF-FEX Raman Lidar: Aerosol backscatter, scattering ratio, lidar 

ratio, extinction, cloud mask, and linear depolarization 

ratio derived from Thorson FEX code 

https://doi.org/10.5439/1373934 

RNCCNrnccn Retrieved Number concentration of CCN profile from 

Kulkarni 1st algorithm 

https://doi.org/10.5439/1813858 

ARMTRAJ-AAF Airmass trajectories to support studies using ARM Aerial 

Facility (AAF) data. 

http://doi.org/10.5439/2473260 

 

2.2 Offline chemical analysis  

 The primary advantage of offline chemical analysis is the ability to employ sophisticated laboratory-based analytical 115 

techniques impractical for airborne deployment due to payload weight and capacity constraints. The ArcticShark is equipped 

with an eight-spot filter sampler (Model 9401, Brechtel), which collects ambient particles at a 2.5 lpm flow rate on the 13 mm 

polytetrafluoroethylene (PTFE) filter media. The filter samples collected by the ArcticShark leverage the advanced chemical 

analysis capabilities of facilities such as the Environmental Molecular Sciences Laboratory (EMSL), another DOE user facility 

operated by the Pacific Northwest National Laboratory.  120 

The advanced chemical analysis allows for more comprehensive and detailed analysis of chemical composition to 

provide deeper insights into the chemical properties of atmospheric particles, including the use of highly sophisticated 
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analytical instruments like a Micro-Nebulization Aerosol Mass Spectrometer (MN-AMS), Computer Controlled Scanning 

Electron Microscopy with Energy Dispersive X-ray Spectroscopy (CCSEM-EDX), Orbitrap high-resolution mass 

spectrometry (HRMS), and Time-of-Flight Secondary Ion Mass Spectrometer (TOF-SIMS). The MN-AMS enables highly 125 

sensitive quantification of aerosol composition from the UAS-collected filter samples, with detection limits down to nanogram 

levels for species like sulfate, nitrate, and organics (Niedek et al., 2022). The chemical compositions of collected samples from 

2023 deployments were are included in Table 2 and discussed in section 3.1.5. Combining the MN-AMS technique with other 

offline methods like TOF-SIMS provides comprehensive insights into organic aerosol composition, oxidation state, mixing 

state with inorganics, and source differentiation (e.g., biomass burning vs. biogenic).  130 

Integrating the STAC (Size and Time resolved Aerosol Collector) impactor (Cheng et al., 2022) with the ArcticShark 

sampler, aerosol samples can also be collected on TEM grids and Silicon nitride (SiNx) substrates. These substrates can be 

further analyzed in EMSL using CCSEM-EDX to determine individual particle characteristics, such as size, morphology, 

mixing state, water uptake potential and elemental composition. (Cheng et al., 2023) This method offers valuable information 

about various atmospheric particle types and their potential sources. (Lata et al., 2023) Alternatively, these substrates can be 135 

directly analyzed with HRMS coupled with a nanospray desorption electrospray Ionization (nano-DESI) source to elucidate 

intact organic molecular formulas. Researchers can derive key parameters from the mass spectrometer data, including O:C 

ratios, carbon oxidation states, aromaticity indices, and organic aerosol volatility distributions. (Roach et al., 2010; Vandergrift 

et al., 2024; Vandergrift et al., 2022). During the 2023 deployment, samples collected from the flights on June 19 and August 

20 were further analyzed using the above EMSL chemical analysis capabilities.   140 

2.3 ARM value-added products 

To facilitate the use of ARM data more effectively, ARM has developed higher-order data products known as Value-

added products (VAPs) (https://www.arm.gov/capabilities/science-data-products/vaps). These VAPs are generated by 

applying advanced, well-developed retrieval algorithms or implementing additional quality control to existing ARM 

datastreams, enhancing the user’s scientific research and model development. Over a hundred baseline VAPs currently cover 145 

a wide range of atmospheric parameters, including aerosol and cloud macro- and microphysical properties, chemical properties, 

precipitating retrievals, atmospheric environment and radiation budget, and various modeling VAPs.  

In this study, we utilized the ARM cloud type classification VAP (CLDTYPE) (Flynn et al., 2017) 

(https://www.arm.gov/capabilities/science-data-products/vaps/cldtype) and the micropulseMicropulse Lidar cloud mask VAP 

(MPLCMASKML) (Flynn et al., 2023)  (https://www.arm.gov/capabilities/science-data-products/vaps/mplcmaskml) VAPs 150 

for tracking clouds and determining cloud boundaries. For boundary layer (PBL) height estimations, we overlayed our flight 

tracks with the best estimate PBL height derived from multiple lidar-based PBL height estimates and ancillary environmental 

parameters (Zhang et al., 2025). The multiple lidar-based PBL height estimates include PBL height from  planetary boundary-

layer heights based on ceilometers (CEILPBLHT) (Sivaraman et al., 2013), from  Micropulse Lidar 

(PBLHTMPL1SAWYERLI), from Doppler Lidar (PBLHTDL), (https://www.arm.gov/capabilities/instruments/ceil) of 155 

https://www.arm.gov/capabilities/science-data-products/vaps
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andand based on from Raman Llidar data (PBLHTRL1ZHANG) (Zhang et al., 2022) 

(https://www.arm.gov/capabilities/science-data-products/vaps/pblht) VAPs. Additionally, The Raman Lidar Profiles – Feature 

detection and Extinctionthe Raman Lidar lidar profiles (RLPROF-FEX) (Chand et al., 2022) 

(https://www.arm.gov/capabilities/science-data-products/vaps/rlprof-fex) VAP was used to obtain aerosol particulate 

backscatter coefficients and aerosol extinction coefficients.  160 

The ARM airmass trajectory VAP (ARMTRAJ-AAF) VAP, offering a Lagrangian back-trajectory dataset, was also 

used in this study (Silber et al., 2025). This dataset provided detailed information about the coordinates and thermodynamic 

properties of airmasses prior to their transport to the UAS sampling region. Trajectories are calculated using the Hybrid Single-

Particle Lagrangian Integrated Trajectory (HYSPLIT) model informed by the European Centre for Medium-Range Weather 

Forecasts ERA5 reanalysis dataset at its highest spatial resolution (0.25 degrees).,  Theyand are initialized using ArcticShark 165 

sampling times and coordinates (latitude, longitude, and altitude range). Similar to other ARMTRAJ datasets, the ARMTRAJ-

AAF provides ensemble run statistics, which are used here as they enhance the trajectory robustness. (Silber et al., 2024). 

The Retrieved Number Concentration of CCN VAP (RNCCN), https://www.arm.gov/capabilities/science-data-

products/vaps/rnccn) provides hourly vertical profiles of CCN concentration at various supersaturation values (Kulkarni et al., 

2023b). The VAP algorithm is based on the Ghan and Collins (Ghan and Collins, 2004) and Ghan et al. (Ghan et al., 2006) 170 

methods that scale the surface CCN concentration with the dry extinction profiles. The dry extinction profiles are calculated 

after removing the influence of humidification from the extinction profiles, and  tTo retrieve the vertical CCN concentration, 

the VAP assumes that aerosol composition is uniform vertically and larger aerosol particles (> 100 nm) induces droplet 

activation first. Note that the assumption of uniform aerosol composition in the current VAP increases the uncertainty of the 

vertical CCN concentration retrievals.   175 

3 Results 

3.1 Overview of the airborne observations  

3.1.1 Flight tracks 

The AAF deployments at the SGP site consisted of a series of flights designed to gather data on the optimal operational 

parameters under various atmospheric conditions. The Federal Aviation Administration (FAA) mandates that operators keep 180 

the UAS within visual line of sight during the SGP deployment. The diverse flight tracks ensured comprehensive scientific 

data collection across different geographical areas and weather systems. Figure 1 illustrates the flight tracks from 2021 to 2023, 

highlighting an extension of the sampling areas in August 2023. This August expansion (flight track in white color) is notably 

larger compared to the flights conducted before August (represented in light blue), which relied on ground-based visual 

observers (VO). This improvement in flight range is attributed to operational advancements enabled by having a VO aboard 185 

the a chase plane. Previously, the UAS was restricted to the red Certificate of Authorization (COA) area with the ground-based 
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VOs. With permission to reach into the yellow COA area, the ArcticShark operated in a larger area and reached higher altitudes 

in the dark blue area where the UAS can reach up tois allowed to fly up to  5,350034 meters above sea level. It This allows the 

UAS to gather data from higher altitudes, which can be crucial for studying the planetary boundary layer and the lower 

troposphere. It also indicateindicateds a robust performance of the UAS in terms of altitude range, as shown in Figure 2. 190 

 

Figure 1. All ArcticShark flight tracks above the SGP central facility between 2021 and 2023. The Certificate of Authorization 

(COA) area expanded from the red box in 2021 to the yellow box in 2023. Due to airspace restrictions, flights above 6000 ft (1828.8 

m) are permitted only inside the blue triangle. The white flight tracks show the UAS flight range in August 2023 with the chase 

plane. The light blue flight tracks show the sampling rangeflights between 2021 and 2023 with the visual observers on the ground 195 
(green, orange, and red asterisks depict their locations).  
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3.1.2 Measurements Overview of vertical profiles from data collected in March, June, and August 2023 

The March, June, and August 2023 flights provided vertical meteorological information from the airborne measurements, as 200 

shown in Figure 2 and Figures S1, S2, and S3. The flight dates and durations are listed in Table s2. We conducted and averaged 

10 flights in March, 10 flights in June, and 12 flights in August separately. In Figure 2, the data from all the research flights in 

each month was were averaged within altitude intervals of 100 meters for March and June flights and 500 meters for August 

flights. As shown in Fig 2 (a), the ambient temperature decreases as expected with the increase in altitude. The average 

temperature in March was around 5 degrees Celsius, typical for the tail end of winter and the beginning of spring. By June, the 205 

average temperature had increased significantly, reflecting the onset of summer. By August, the average temperature reached 

nearly 30 degrees Celsius at the lowest flight level, indicating the peak of the summer season. The relative humidity (Fig 2 

(b)) showed a similar range across all three months up to 2000 m above the ground but showed more variation in March (Figure 

S1). Although the average relative humidity (RH) values for the three months are similar, the 25th to 75th percentile RH span 

for March ranges from 35% to 73%, which is twice as large as the spread observed in June (54% to 70%) and August (46% to 210 

64%).  This could be due to the transition from winter to spring, which could bring a mix of weather conditions and, therefore, 

a wider range of humidity levels. Above 2000 meters, relative humidity (RH) values in August increased and exhibited 

considerable variation, probably due to air cooling, proximity to moisture sources, and atmospheric dynamics. With the chase 

plane, ArcticShark can fly through holes in broken cloud fields and reach altitudes above the cloud tops, allowing it to operate 

in areas with higher relative moisture content, closer to the air’s saturation point. 215 

 

(a) (b) (c) (d) 
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Figure 2. Atmospheric conditions encountered during the March, June, and August 2023 flights. (a) ambient temperature; (b) 

ambient relative humidity; (c) total number concentration from the mixing condensation particle counter (CPC, > 7 nm); and (d) 

total number concentration from the portable optical particle spectrometer (POPS, 135 -3,000 nm). 220 

 

The mean values of the total number concentrations of ambient particles measured by the mixing CPC (NCPC) remain 

relatively stable across all three months within the 500 to 2000 m altitude range and decrease with the increase in altitude, as 

shown in Fig. 2 (c). The 25th to 75th percentiles of NCPC  range from 1000 to 3000 cm-3 for March and June and from 900 to 

2150 cm-3 for August. This consistency uniformity suggests that the overall particle load in the atmosphere at these elevations 225 

does not vary significantly in those three months. Meanwhile, near the surface, we observed a notable increase in particle 

concentration close to the ground in August, which might be related to the haze environment prevalent during that month and 

due to local agricultural burning events. In contrast, the number concentration of larger particles, specifically those with a 

diameter greater than 135 nanometers (as shown in Fig. 2(d)), rose steadily from March to August. In March, the concentration 

of these larger particles was relatively lower, which might indicate a slower growth rate. This slower growth could be linked 230 

to the colder temperatures typical of early spring, which may have inhibited atmospheric aerosol particle growth or source 

activities responsible for forming and accumulating larger particles. As temperatures warmed from March through August, the 

increase in particle concentration, especially in the accumulation size range measured by POPS (135 – 3,000 nm), could reflect 

enhanced atmospheric processes, such as more active secondary particle formation or increased emissions from local 

agriculture sources. The warmer temperatures likely facilitated these processes, leading to the observed rise in larger particles 235 

(a) (b) (c) (d) 
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as the months progressed.  Furthermore, chemical measurements (discussed later in Table 2) revealed higher particle mass 

loading during summer, characterized by a significant fraction of organic compounds.  

3.1.3 Comparison of Meteorological Data Collected by UAS Payload and Balloon-Borne Sounding Systems  

Figure 3 compares meteorological data collected by the ArcticShark with the data collected by a weather balloonballon-

borne sounding system (Vaisala radiosonde)(Holdridge, 2020) when both were in the air for March, June, and August flights. 240 

These two platforms offer different advantages and can provide complementary information about atmospheric conditions. 

Weather balloonRadiosondes are among the most straightforward and cost-effective tools for atmospheric measurements, with 

a well-established history of providing consistent long-term data (Vömel and Ingleby, 2023). In contrast, UAS enables more 

targeted data collection, allowing for the simultaneous operation of multiple sensors to gather diverse datasets during the same 

airborne mission. In this study, we used orthogonal linear regression to fit a linear model to the data because there are 245 

measurement errors in both ArcticShark and weather balloonradiosonde measurements. Strong agreement was observed 

between the ArcticShark and weather balloonradiosonde data for ambient temperature and humidity, with slopes near 1 and 

high R-squared values indicating strong correlations, as shown in Figures 3(a) and 3(b). ArcticShark was equipped with 

redundant temperature sensors (AIMMS-30 and a fiber-optic thermal sensor) and humidity sensors (AIMMS-30 and a LiCor 

H2O/CO2 analyzer), both of which showed strong agreement with the weather balloonradiosonde measurements. The 250 

discrepancy between the AIMMS-30 and LiCor measurements can be attributed to several factors, including the spatial 

separation of the two platforms and the performance degradation of the AIMMS-30 sensor. 

Additionally, the study found a good correlation (R2 >0.92) for wind speed and direction comparison between 

ArcticShark and the weather balloonradiosonde data. The radiosonde provided a snapshot of wind conditions as it ascended 

over time, while the UAS profiling above the SGP site captured more measurements within the same altitude range, covering 255 

a much larger spatial area. Additionally, the spatial separation (up to 6 km) between the two platforms contributes to the 

scattering of comparison. These agreements confirm that the ArcticShark’s sensors accurately captured the atmospheric 

conditions at various altitudes, validating its use for meteorological research. While weather balloonradiosondes remain the 

standard for high-altitude measurements, UAS are emerging as a valuable complementary tool, offering flexibility, reusability, 

and high spatial resolution measurements. 260 



12 

 

 

Figure 3. Meteorological data comparison between the ArcticShark flights (for March, June, and August) and the weather 

balloonradiosonde 2023. (a) Dew point temperature comparison, AIMMS-30 and LICOR aboard ArcticShark; (b) Temperature 

comparison,  for AIMMS-30 and the Fiber optical thermal sensor aboard ArcticShark; (c) Wind direction comparison; and (d) 

Wind speed comparison.  265 

3.1.4 Combining UAS payload measurements with remote sensing retrievals  

Integrating ArcticShark flight data with ARM remote sensing observations (Figures 4 and 5) offers valuable insights 

into the varying atmospheric conditions encountered across different months, how these conditions influence UAS operations, 

and the data types collected. Figure 4 overlayed the cloud masks (from the MPLCMASKML VAP), flight altitude, and best 

(c) (d) 

(a) (b) 
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estimate PBL heightsPlanetary Boundary Layer (PBL) height for thefrom three typical March, June, and August flight days. 270 

The best estimate PBL heights are height is also determined based on theobtained from ARM  VAPs, as referenced in section 

2.3. At the ARM  SGP site, PBL heights from three instruments—the ceilometer, micropulse lidar (MPL), and atmospheric 

emitted radiance interferometer (AERI)—are compared to each other for validation. This comparison provides the best-

estimated values in the VAPs. We utilized the best estimated PBL height values for this study. The height of the PBL varies 

with the seasons, generally lower in the spring due to less intense solar heating of the Earth’s surface and higher in the summer 275 

due to increased solar heating. As shown in Figure 4, the PBL height in March and June was generally lower compared to 

August due to several factors: lower solar radiation and surface heating in early spring, the stabilizing temperature gradient, 

and different atmospheric dynamics. In March and June, increased moisture and still-growing vegetation contribute to lower 

sensible heat flux. Conversely, August typically experiences intense solar heating, stronger convective currents, and drier 

conditions, all leading to a higher PBL. 280 
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Figure 4. Typical ArcticShark flight altitude overlay with the cloud masks from MPLCMASKML and the planetary boundary layer 

(PBL) height on (a) March 12, (b) June 10, and (c) August 23 in 2023. The y-axis is the altitude above the mean sea level (MSL).  285 

 

Additionally, the study found a good correlation (R2 >0.92) for wind speed and direction comparison between 

ArcticShark and the weather balloon data. These agreements confirm that theArcticShark’s sensors accurately captured the 

atmospheric conditions at various altitudes, validating its use for meteorological research. While weather balloons remain the 
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standard for high-altitude measurements, UAS are emerging as a valuable complementary tool, offering flexibility, reusability, 290 

and high spatial resolution measurements. 

Integrating ArcticShark flight data with ARM remote sensing observations (Figures 4 and 5) offers valuable insights 

into the varying atmospheric conditions encountered across different months, how these conditions influence UAS operations, 

and the data types collected. Figure 4 overlayed the cloud masks (from MPLCMASKML VAP), flight altitude, and Planetary 

Boundary Layer (PBL) height from three typical March, June, and August flight days. The height of the PBL varies with the 295 

seasons, generally lower in the spring due to less intense solar heating of the Earth’s surface and higher in the summer due to 

increased solar heating. As shown in Figure 4, the PBL height in March and June was generally lower compared to August 

due to several factors: lower solar radiation and surface heating in early spring, the stabilizing temperature gradient, and 

different atmospheric dynamics. In March and June, increased moisture and still-growing vegetation contribute to lower 

sensible heat flux. Conversely, August typically experiences intense solar heating, stronger convective currents, and drier 300 

conditions, all leading to a higher PBL. 

Additionally, the figurefigure 4 showed showes that the clouds on flight days in March were much lower than in June 

and August, which aligns with the lower PBL height in the spring. In March, cumulus congestus clouds were most common 

in the region and more common in spring’s cooler, more variable weather. Cumulus and convective clouds are observed for 

flight days in June. These clouds were typically associated with warm weather and were more prevalent as our flights moved 305 

into the summer months. By August, cirrus clouds were the dominant cloud type on flight days. These are high-altitude clouds 

that form above 6,000 meters and are often associated with fair weather, which is favored for the UAS flight operation.  

The combination of the lidar backscattering coefficient (from RLPROF-FEX VAP), flight altitude, PBL height, and 

TKE (estimated based on ArcticShark measurement) provides a comprehensive picture of the composition and structure of the 

atmosphere, as shown in Figure 5. The figure showed that the TKE values were nearly zero when the ArcticShark flew above 310 

the PBL. When the ArcticShark was within the PBL, the TKE values significantly increased. As expected, the turbulence 

intensity should be higher within the PBL because this is where the sun’s heating of the Earth’s surface generates thermal 

turbulence. This observation is particularly useful in August when reliable measurements of the PBL height are unavailable. 

Vertical gradients in TKE can indirectly indicate the PBL height, as the boundary between the turbulent and non-turbulent 

regions of the atmosphere corresponds to the top of the PBL. Therefore, by observing where the TKE values increase, we can 315 

infer the height of the PBL.  

The lidar backscattering coefficients exhibited varying ranges from March to August, with values in March being ten 

times higher compared to those in August. An aerosol layer was aloft at the beginning of the March flight (Figure 5(a)) above 

the SGP observatory. However, the aircraft UAS was flown between the SGP site and Blackwell airport and did not capture 

more information about that layer. In addition, we observed a relatively uniform aerosol concentration below 1 km in the lidar 320 

backscattering images, with no significant signal detected above 1 km. Between 18:20 and 20:10 UTC, the ArcticShark 

conducted five profiling flights between 600 and 2000 m above the SGP site, consistently yielding similar results. When the 

ArcticShark flew below 1000 m, the total number concentration of aerosols measured by the CPC increased from 
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approximately 1300 to 3000 cm⁻³ as altitude increased. In contrast, the concentration measured by the POPS decreased from 

around 400 to 35 cm⁻³. Notably, the ArcticShark also captured the opposite trend in the total concentrations of CPC and POPS 325 

above 1.2 km. As the UAS ascended from 1.2 to 2 km, the CPC concentration decreased to about 1500 cm⁻³, while the POPS 

concentration increased to 300 cm⁻³. These observations suggest distinct aerosol dynamics at different altitude ranges, likel y 

influenced by varying sources and processes affecting aerosol distributions.  

The lidar backscattering plot captured the residuale layer in the June flight while the ArcticShark flew into it between 

23:00 and 23:30 UTC, as shown in Figure 5(b). This near-surface layer exhibited a very high particle concentration according 330 

to the CPC reading (~8000 cm⁻³), but a lower reading in the POPS (~200 cm⁻³), suggesting that a local emission source 

influenced the area. On August 22, the ArcticShark conducted profiling flights above the SGP site, during which the planetary 

boundary layer (PBL) height grew to around 1.8 km between 15:05 and 17:10 UTC, as shown in Figure 5(c). Throughout this 

period, we observed that the total aerosol number concentration measured by the CPC increased with altitude, while the 

readings from the POPS decreased. However, an interesting inversion behavior was noted at the top of the boundary layer, 335 

between approximately 1700 and 1900 m. Within this altitude range, the POPS concentration initially increased from 400 to 

600 cm⁻³, before decreasing again as the UAS ascended above 1800 m. Such observations highlight the complex vertical 

distribution of aerosols and underscore the importance of profiling different atmospheric layers to understand the dynamics 

affecting aerosol behavior and concentration. 
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Figure 5. Lidar measured aAerosol backscattering overlayed with the ArcticShark flight altitude, the PBL height and TKE values 

(right y-axis) on (a) March 12, (b) June 10, and (c) August 22 in 2023. The left y-axis is the altitude above mean sea level (MSL). 
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(a) UAS (b) Ground 

(c) UAS (d) Ground 

(e) UAS (f) Ground 
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Figure 6. ARMTRAJ-AAF 5-day back trajectory properties in 2023 on March 12 (a) and (b), June 10 (c) and (d), and August 23 (e) 

and (f). The illustrated ensemble mean pressure trajectories (press_ens_mean) are calculated based on the flight coordinates and 

altitude range during measurement periods in (a), (c), and (e) and based on the ground level at the ArcticShark’s flight coordinates 

in (b), (d), and (f). The star is the central facility at the SGP site. All figures are generated using Natural Earth by MATLAB®. 

  350 

 The back trajectory of airmasses can support aerosol studies by providing context to long-range aerosol transport and 

suggest potential interactions during their path. Figure 6 presents a comparison of ARMTRAJ 5-day back-trajectory properties 

on three separate dates: March 12, June 10, and August 23. For each date, two types of trajectories are shown: one set based 

on flight coordinates and altitude range during measurement periods (Figures 6(a), 6(c), and 6(e)) and another set of trajectories 

initialized at the ground level at the ArcticShark’s flight coordinates (Figures 6(b), 6(d), and 6(f)). The ensemble statistics 355 

presented here are based on 25-member ensembles generated for each trajectory initialization altitude over a 5x5 grid typically 

spanning several kilometers to each direction relative to the ArcticShark’s coordinates. The ensemble mean trajectories 

calculated using the flight altitudes (Figures 6(a), 6(c), and 6(e)) indicate longer travel pathway distances compared to those 

calculated based on ground-level initialization. The trajectories suggest that the flight period measurements included a wider 

range of atmospheric conditions and altitudes, capturing more variant and extended airmass pathways compared to ground-360 

level measurements that were more localized. On March 12, The airmass trajectories originated mainly from the north region 

of the US before reaching the sampling area near the Southern Great Plains (SGP) site. The trajectories showed that the airmass 

traveled from the southwest on June 12. On August 23, the airmass was more influenced by the southeast region. The 

differences in airmass origin and trajectory paths between the three dates could be attributed to seasonal atmospheric circulation 

patterns, which vary with changes in temperature, pressure systems, and overall weather conditions. 365 

3.1.5 Offline chemical analysis of filter samples collected in March, June, and August 

Based on the chemical analysis results offrom the MN-AMS, we summarized the chemical compositions 

derivedobserved during from  theindividual flights in Table 2,.  which The data displayed a clear seasonal trend in the chemical 

composition of aerosols data from over the ARM SGP site. The total mass loading increased from March to August, consistent 

with the trendseasonal rise in aerosol total number concentrations. In March, the average total mass concentration of organic 370 

species and ammonium salts was 4.2 µg/m3, which doubleding  to 10.4 µg/m3 in June and further escalatinged to 14.7 µg/m3 

in August. This seasonal pattern is consistent with seasonal differences trends observed in previous studies (Fast et al., 2022; 

Liu et al., 2021; Parworth et al., 2015). Interestingly, the organic volume fraction in the samples from March was lower 

(typically less than 80%) than those from June. The June samples exhibited a higher oxygen-to-carbon (O:C) ratio, indicating 

that the organic aerosols were more oxidized during this period. This trend can be attributed to the increased atmospheric 375 

oxidative reactions during associated with warmer weather. The presence of more organic aerosols in the atmosphere in June 

and August could also result from increased biological activity during the summer months. This seasonal variability in diverse 
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chemical composition explains the increased variability (O:C ratios and organic volumetric fractions) observed in the August 

samples. 

 380 

Table 2. Chemical composition of UAS filter samples measured by the MN-AMS analysis  

Start 

time 

End 

time 

Ambient 

Mass 

concentratio

n (g/m3) 

Volume fraction O/C H/C Organic 

density 

calculate

d (kg/m3) 

Org Overal

l 
(NH4)2SO

4 

NH4NO

3 

Organic

s 

3/9/23 

21:13 

3/9/23 

23:04 6.0 0.06 0.19 0.75 0.345935 1.6817 1141 

0.1

0 0.24 

3/10/2

3 16:43 

3/10/2

3 21:15 5.3 0.10 0.32 0.58 0.4758 1.6038 1249 

0.2

0 0.39 

3/12/2

3 16:20 

3/12/2

3 20:27 3.2 0.06 0.26 0.68 0.335834 1.6897 1132 

0.0

9 0.27 

3/13/2

3 15:26 

3/13/2

3 18:01 3.5 0.07 0.13 0.80 0.3061 1.7107 1106 

0.0

6 0.18 

3/14/2

3 17:25 

3/14/2

3 21:28 3.2 0.08 0.19 0.74 0.355536 1.6626 1153 

0.1

1 0.25 

3/17/2

3 21:30 

3/17/2

3 23:39 4.3 0.08 0.03 0.89 0.307431 1.7134 1106 

0.0

7 0.13 

6/8/23 

16:28 

6/8/23 

19:07 5.2 0.10 0.02 0.88 0.466947 1.6102 1241 

0.2

0 0.25 

6/9/23 

13:49 

6/9/23 

17:40 5.9 0.08 0.03 0.90 

0.431043

4 

1.64976

5 1206 

0.1

7 0.22 

6/10/2

3 21:00 

6/11/2

3 1:06 27 0.05 0.01 0.93 0.536754 1.6438 1274 

0.2

6 0.28 

6/12/2

3 17:45 

6/12/2

3 19:42 6.9 0.05 0.02 0.93 0.4019 1.6849 1177 

0.1

4 0.18 

6/22/2

3 14:13 

6/22/2

3 16:58 8.5 0.07 0.02 0.91 0.4624 

1.64636

5 1227 

0.1

9 0.23 

6/23/2

3 14:32 

6/23/2

3 16:13 8.7 0.09 0.03 0.89 0.427943 1.6697 1198 

0.1

7 0.22 
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8/17/2

3 14:58 

8/17/2

3 17:40 8.8 0.20 0.07 0.73 0.3316 

1.87548

8 1080 

0.0

9 0.23 

8/18/2

3 14:04 

8/18/2

3 17:44 7.6 0.10 0.04 0.87 0.3330 1.8764 1081 

0.0

9 0.16 

8/21/2

3 14:45 

8/21/2

3 17:08 14 0.12 0.04 0.84 0.299130 1.9034 1052 

0.0

6 0.15 

8/22/2

3 14:45 

8/22/2

3 17:56 8.9 0.09 0.03 0.87 0.3217 

1.88768

9 1071 

0.0

8 0.15 

8/23/2

3 14:14 

8/23/2

3 17:39 14 0.07 0.03 0.90 0.3109 1.9047 1060 

0.0

7 0.12 

8/24/2

3 13:40 

8/24/2

3 17:43 7.5 0.09 0.03 0.88 0.306431 

1.90699

1 1056 

0.0

6 0.13 

8/26/2

3 13:51 

8/26/2

3 19:38 10 0.08 0.03 0.89 0.2910 

1.90739

1 1046 

0.0

5 0.11 

8/27/2

3 13:58 

8/27/2

3 17:14 8.8 0.12 0.04 0.83 0.3100 1.8935 1062 

0.0

7 0.16 

8/29/2

3 15:18 

8/29/2

3 19:49 39 0.13 0.05 0.82 0.4321 

1.86648

7 1146 

0.1

7 0.25 

8/30/2

3 15:17 

8/30/2

3 20:32 28 0.29 0.11 0.60 0.476648 1.7565 1204 

0.2

1 0.37 

 

3.2 Case study with unique measurement capabilities 

3.2.1 Advanced offline chemical analysis with EMSL capability 

Based on the chemical analysis results of the MN-AMS, we summarized the chemical compositions derived from the 385 

flights in Table 2, which displayed a clear seasonal trend in the chemical composition data from the ARM SGP site. The total 

mass loading increased from March to August, consistent with the trend in aerosol total number concentrations. In March, the 

average total mass concentration of organic species and ammonium salts was 4.2 µg/m3, doubling to 10.4 µg/m3 in June and 

escalating to 14.7 µg/m3 in August. This pattern is consistent with seasonal differences observed in previous studies (Fast et 

al., 2022; Liu et al., 2021; Parworth et al., 2015). Interestingly, the organic volume fraction in the samples from March was 390 

lower (typically less than 80%) than those from June. The June samples exhibited a higher oxygen-to-carbon (O:C) ratio, 

signifying that the organic aerosols were more oxidized. This trend can be attributed to the increased atmospheric oxidative 

reactions during warmer weather. The presence of more organic aerosols in the atmosphere in June and August could also 
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result from increased biological activity during the summer months. This diverse chemical composition explains the increased 

variability (O:C ratios and organic volumetric fractions) observed in the August samples. 395 

The integration of samples collected from the ArcticShark with advanced offline high-resolution analytical mass 

spectrometry techniques is shown in Figure 7 for the flight on June 19, 2023 (continuous collection from 600 – 2000 m above 

sea level). For this representative sample, analysis via the nano-DESI HRMS pipeline resulted in 767 individual molecular 

formulas (MF) assignments, including a high proportion of organosulfates (99 MF containing C, H, O, and S atoms) and 

organonitrates (230 MF containing C, H, N, and O atoms; mass spectrum shown in Figure 7(a)). The assigned MF are then 400 

parametrized according to the strategy from Li et al. (Li et al., 2016), resulting in a volatility distribution (individual MFs are 

classified as volatile organic carbon (VOC), intermediate VOC (IVOC), semi-VOC (SVOC), low VOC (LVOC), or extremely 

low VOC (ELVOC); Figure 7(b)). For the same sample, Figure 7 (c) shows an exemplary top-view scanning electron 

microscopy (SEM) image, showing the dominance of organic particles and the potential for K2SO4 inclusion within the organic 

particles. Figure 7 (d)  depicts the size-resolved chemical composition (acquired via CCSEM/EDX indicating dominance  of 405 

carbonaceous (CNO, 38.4%) and carbonaceous sulfate (CNOS, 61.1%) aerosol with minor fraction of K2SO4 (0.4%) 

containing aerosol. The particle classification scheme was illustrated in Figure S4. More studies on the chemical 

characterization of the 2023 flight samples or size-resolved compositions were are under preparation. (Niedek et al.; Mansoura 

et al.)  

 410 
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Figure 7. Offline high-resolution analyses of the molecular composition of organic aerosols and size-resolved chemical composition 

for a representative sample from the June 19, 2023 flight (continuous sample collection over 600 – 2000 m MSL) (a) mass spectrum 

from direct nano-DESI HRMS analysis; (b) volatility distribution from parametrized mass spectrum data; (c) size-resolved 

chemical composition from CCSEM/EDX; (d) top-view SEM image, highlighting instances of inorganic inclusion. 

3.2.2 Vertical profile of aerosol optical properties  415 

With an overview of the atmospheric parameters, the following sections explore two case studies that further illuminate 

our UAS capabilities – providing detailed vertical information on aerosol optical properties and aerosol’s potential to form 

clouds (Cloud Condensation Nuclei (CCN) concentrations), which enable a more accurate and comprehensive assessment of 

aerosol impacts on the Earth’s radiation budget.  
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Figure 8. Comparison of Aerosol aerosol extinction coefficient comparison with the Raman Lidar (RL) retrievals on Aug. 22, 2023. 

Note that the altitude is above ground levelMSL. The estimated aerosol extinction coefficients (a) Estimated aerosol extinction 

coefficients were under three conditions: the sampling under dry conditions, corrected with the averaged ambient RH condition, 

and corrected usingwith the ambient RH profile condition shown in (b).  425 

Aerosol optical properties depend on relative humidity, aerosol size distributions (usually measured at RHs lower than 

ambient RH), and the complex refractive index, which should be adjusted accordingly . (Ghan and Schwartz, 2007; 

McComiskey and Ferrare, 2016). In this section, we discuss our approaches to estimating aerosol optical profiles under ambient 

conditions, which involve accounting for various factors (e.g., ambient temperature, pressure, and RH) that influence how 

aerosol interacts with light. The aerosol profiles of the extinction coefficients are shown in Figure 8(a). The ambient RH profile 430 

is shown in Figure 8(b). All the extinction coefficient values were derived under the ambient temperature and pressure. That, 

which allows us to focus on the ambient RH effect on this aerosol optical property. Changes in RH can significantly alter 
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aerosol size, chemical composition, and refractive index. In this study, we assume that the RH effect on the refractive index 

and composition is negligible and only consider the effect on the size distribution.  

During the airborne sampling, aerosol particles were dried to RH lower than 40% in the inlet manifold. Using the size 435 

distribution directly from the portable optical particle spectrometer (POPS), we can derive the dry aerosol extinction 

coefficient, as shown in Figure 8(a) (blue symbol). The result is consistent with the previous study under low RH (<40%) – 

the aerosol extinction decreased with altitude increase . (Andrews et al., 2011; Andrews et al., 2004). Then, two approaches 

were used to study the influence of the RH on the estimated aerosol optical profiles. The first one used the averaged RH value 

of the profile (based on the right panel of Figure 8(a)), and the growth factor (GF) was calculated as a function of this averaged 440 

RH (RHavg) value and hygroscopicity (equation 11 in Petters and Kreidenweis’s paper, 2008, and Kappa from Table 2), which 

used the chemical analysis results from the MN-AMS. Then, we assumed that the same GF would weigh the whole size 

distribution and used the weighted size distribution to estimate the extinction under the ambient RH condition (light brown 

symbol). The second approach used the f(RH) profile correction (RH profile with magenta symbol). This correction was 

performed by applying the f(RH) parameterization (Zieger et al., 2011) to the estimated aerosol extinction profile based on the 445 

POPS size distribution . (Mei et al., 2024). The fitted gamma parameter (γ = 1.53, as shown in Figure S5) in this 

parameterization was obtained from the bulk dataset of all collocated extinction and RH profiles in time with the aircraft 

sampling periods during the June deployment. The black symbol depicts the retrieved values from Raman Lidar (RLPROF-

FEX) at 355 nm wavelength. The comparison showed a good agreement between the aerosol extinction profiles corrected for 

relative humidity (RH) and the extinction profiles retrieved from lidar in Figure 8. This agreement emphasizes the significant 450 

impact of ambient RH on the aerosol extinction coefficients.  

This study highlights several promising avenues for future research. Firstly, leveraging UAS to estimate aerosol optical 

profiles and validate lidar retrievals presents a valuable opportunity. UAS can provide high-resolution vertical profiles and 

targeted measurements in specific areas of interest, complementing the broader spatial coverage of lidar systems. Additionally, 

integrating high-resolution sensors for relative humidity (RH) and temperature on UAS platforms represents a significant 455 

advancement in vertical atmospheric profiling. Furthermore, combining UAS-borne measurements with lidar retrievals can 

greatly enhance aerosol research. While lidar systems offer continuous data, UAS provides detailed snapshots at various 

altitudes, contributing to improved temporal resolution. This synergistic approach not only refines the accuracy of aerosol 

optical profiles but also introduces a versatile and comprehensive methodology for atmospheric studies. 

3.2.3 Vertical profile of CCN concentration (CCNc)  460 

Understanding the vertical distribution of CCNc is essential for elucidating how aerosols influence cloud formation and 

properties throughout the atmospheric column. CCN is pivotal in the nucleation process, affecting both the formation and 

characteristics of cloud droplets. Specifically, higher CCN concentrations result in numerous smaller droplets, whereas lower  

concentrations lead to fewer, larger droplets. These variations in droplet size significantly impact cloud albedo, cloud lifetime, 

and precipitation processes (Li et al., 2022; Seinfeld et al., 2016; Rosenfeld et al., 2014). Detailed CCNc profiles, particularly 465 
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at the cloud base where air is predominantly entrained into the cloud, are crucial for accurately assessing aerosol-cloud 

interactions (ACI) (Bellouin et al., 2020). We can evaluate and refine model predictions by examining these profiles, especially 

at the cloud base. Discrepancies between observed and predicted CCN concentrations can reveal areas where models may need 

adjustments and lead to ultimately improving the accuracy of CCN predictions and their integration into climate models.  

 470 

Figure 9. Cloud condensation nuclei (CCN) concentration (NCCN) comparison with the CCNc profile from RNCCN VAP on Aug. 22, 

2023. The estimated CCN concentrations at a critical supersaturation (Sc) of 0.185 were under two conditions: 1) chemical species 

in the CCN population were well-mixed (Well-mixed), and 2) the surface activity can be explained by a compressed-film model 

(Comp. Suf.). 

This study estimated the CCNc profile based on the in situ aerosol size distribution data from a portable optical particle 475 

spectrometer (POPS) and the chemical composition derived from offline MN-AMS analysis. As shown in Figure 9, two 

approaches were used to derive the CCNc profiles. The first approach assumed that the aerosol particles were well-mixed. This 

assumption is based on the premise that the aerosol particles are homogeneously distributed within the air mass, and their 

chemical and physical properties are uniform throughout the measured size range. This approach allows for estimating the 

CCNc profile using the -Kohler theory (Mei et al., 2013; Petters and Kreidenweis, 2007; Thalman et al., 2017; Kulkarni et 480 
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al., 2023a). The second approach assumes the formation of a compressed film in the growing droplet, leading to surface tension 

depression by interfacial organic molecules (Lowe et al., 2019; Ruehl et al., 2016). The second approach considers the potential 

influence of organic compounds on CCN activity. Organic molecules in the aerosol particles can migrate to the particle-water 

interface, forming a compressed film that can significantly reduce the droplet’s surface tension, thereby enhancing the droplet 

size observed at activation. The well-mixed assumption led to 30-50% more CCN concentration prediction than the 485 

compressed surface assumptions. While overlaying the ARM RNCCN VAP data with two profiles, we noticed that both are 

within the uncertainty range of the CCNc profiles derived by the ARM RNCCN VAP. 

Current estimates of CCNc profiles are constrained by the size range of the POPS, which only measures particles larger 

than 135 nm in diameter. This limitation restricts the ability to estimate the CCN concentrations at the higher supersaturation 

range (often limited to less than 0.2% for most flight conditions). This narrow supersaturation range can lead to inaccuracies 490 

in estimating CCN concentrations, particularly for smaller particles that may play a significant role in cloud nucleation. To 

address this limitation and provide more accurate CCN profile estimations, AAF has incorporated a miniaturized scanning 

electrical mobility spectrometer (mSEMS) to extend the measurement range to include smaller aerosol particles (approximately 

10 nm). The mSEMS, POPS, and a custom-built water CPC (with particle collection capability for chemical composition 

analysis) form an additional payload package designed to study aerosol size distribution and its applications in atmospheric 495 

research. Note that the accuracy of estimated CCN profiles is often uncertain due to the reliance on indirect measurements and 

assumptions. To quantify this uncertainty and assess the limitations of current estimation methods, it is also desirable to 

compare estimated CCN profiles with direct in situ CCN measurements with a piloted aircraft campaign. A comparison study 

can thoroughly evaluate the estimation accuracy, identify discrepancies between estimated and observed CCN concentrations 

and highlight potential sources of error in the estimation methods.  500 

4 Conclusions 

This study summarizes measurements obtained during the ArcticShark deployments to the ARM SGP observatory in 

March, June, and August 2023. We provided an overview of the typical atmospheric conditions observed across these seasons, 

including temperature, relative humidity, aerosol particle concentrations, and chemical compositions. The data reveal 

significant seasonal variations: temperature and total mass loading increased from March to August, with a notable rise in 505 

oxidized and hygroscopic organic aerosols observed in June. Notably, there was strong agreement between temperature and 

humidity recorded by sensors from the weather balloonradiosonde and ArcticShark, which indicated the high correlations 

among various sensors for critical meteorological parameters, including temperature, humidity, wind speed, and wind 

direction. 

Based on the ground remote sensing retrieval, Analysis of cloud masks, flight altitudes, and planetary boundary layer 510 

(PBL) heights for representativeoverlayed with the UAS flights measurements from each month’s flight illustrated that clouds 

in March were considerably lower in altitude than those in June and August, with distinct cloud types observed in each period. 
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In contrast, higher turbulence was observed within the PBL, as indicated by increased turbulent kinetic energy (TKE) values 

in June.  

Understanding these trajectory differences based on ARMTRAJ-AAF helps interpret the aerosol, cloud, and 515 

meteorological measurements recorded by ARM facilities. Recognizing the airmass origins provides insight into potential 

sources of aerosols or precipitation patterns, impacting cloud formation mechanisms and radiative properties.  

We analyzed several cases to further demonstrate the ArcticShark’s measurement capabilities. On June 19, 2023, 

advanced offline analyses of field-collected particles using high-resolution microscopy and mass spectrometry provided 

detailed insights into particle size, morphology, and composition. Based on the August 22, 2023 data, we compared aerosol 520 

extinction coefficient profiles obtained from lidar with those estimated from airborne measurements, as shown in Figure 8. 

The optical comparison indicated good agreement between the lidar-retrieved extinction profiles and those corrected for 

relative humidity. Similarly, Figure 9 demonstrates that CCNc profiles derived from airborne measurements closely matched 

the ARM RNCCN VAP data, highlighting the potential of using airborne data to validate the remote sensing retrieval 

techniques through further in-depth studies. 525 

In summary, the ArcticShark has proven its capability to collect vertically resolved data under the diverse various 

atmospheric conditions at the ARM SGP site. Integrating UAS data with ground-based observations has provided critical 

datasets to study atmospheric parameters, aerosol concentrations, chemical composition, and turbulence within the boundary 

layers. Future work will focus on leveraging both ground-based and airborne measurements, as well as remote sensing 

techniques, to advance atmospheric research.  530 
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