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Abstract. Growing demand for high spatiotemporal resolution observations in the planetary boundary layer has driven the
development of affordable, small uncrewed aircraft systems (UAS) technology to fill critical observational gaps and support
improved understanding and future assimilation into prediction models. This work presents the CopterSonde-SWX (CSWX),
an in-situ UAS vertical profiler that combines a high-thrust tilted-body airframe, a wind-vane flight mode for sampling undis-
turbed air, and a shielded actively ventilated sensor scoop to acquire thermodynamic and full 3D wind vectors without ded-
icated anemometers. Through a series of flow simulations and intercomparison field campaigns, including colocated flights
with its predecessor (CS3D), Doppler wind lidars, and radiosondes, the CSWX demonstrated inter-sensor temperature unifor-
mity within £0.2°C across variable solar and wind regimes and achieved Linear Extended State Observer (LESO)-based wind
retrieval RMSEs of 0.49 m s—! (vertical) and 1.03 m s~! (horizontal). In a nocturnal low-level jet case, the CSWX sustained

L at 520 m (versus the CS3D’s 20 m s~ ! limit at ~ 275 m), with polynomial fits projecting a safe

winds up to ~24 m s~
maximum wind tolerance of 29.5 m s~! while retaining sufficient battery energy margin for safe return. These results support
the CSWX as a resilient, high-fidelity platform for atmospheric profiling, advancing the transition from a research prototype
to an operational instrument. Even though the CopterSonde is an experimental design, this work may serve as a guideline to

define future standards for weather-sensing UAS (WxUAS) development.

1 Introduction

Accurate, high-resolution observations of the planetary boundary layer (PBL) are essential for improving weather forecast-
ing and climate modeling. Conventional measurement methods—such as ground-based sensors and radiosondes—have long
provided valuable atmospheric data but are limited by infrequent sampling and coarse spatial resolution (Geerts et al., 2018;
Dabberdt et al., 2005). In particular, radiosondes, which are typically launched only a couple of times a day at low spatial den-
sity, cannot resolve the rapid, localized changes that occur within the PBL. This observational gap poses a significant challenge

for capturing the fast mesoscale evolution that is often key to predicting severe weather phenomena. A better understanding of
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the atmospheric processes could be beneficial to society, given the profound socio-economic impacts associated with severe
weather events. This includes thunderstorms, tornadoes, and tropical storms that cost billions of dollars annually to the U.S.
economy (Lazo et al., 2011; Goklany, 2009; Webster, 2013). Changes in severe weather patterns further amplify these impacts
by intensifying damaging weather extremes (Liu, 2017; Frame et al., 2020), affecting biodiversity (Scheffers and Pecl, 2019),
food production (Rosenzweig et al., 2001; Gregory et al., 2005), supply chains (Markolf et al., 2019), and public health (Curtis
et al., 2017; Mirza, 2003).

Recognizing these challenges, meteorological organizations have underscored the need for innovative observation tech-
nologies. Initiatives by the National Weather Service (NWS) and the National Severe Storm Laboratory (NSSL) advocate for
integrated, high-resolution sensor networks to better monitor the lower atmosphere (National Weather Service (NWS), 2019;
National Severe Storm Laboratory (NSSL), 2015; Zhang et al., 2016). Recent advances in uncrewed aircraft systems (UAS)
have opened promising avenues for atmospheric sampling. Fiebrich et al. (2021) further shows that a network of weather-
sensing UAS (WxUAS) profilers could potentially deliver high-resolution vertical atmospheric data to improve forecasting,
optimize agriculture and energy use, manage wildfires and air quality, and support climate monitoring, thereby yielding sig-
nificant economic, environmental, and public health benefits. Driven by progress in automation, affordable construction mate-
rials, and innovative design techniques, UAS technology has found success in fields such as agriculture, land surveying, and
surveillance (Shakhatreh et al., 2019). Yet, while the commercial market has predominantly focused on these applications,
the potential for UAS in meteorological research and operations, especially for high-frequency vertical profiles, has remained
largely underexploited.

In response to this pressing need, this article introduces the next generation of CopterSonde UAS. The CopterSonde is a novel
WxUAS concept that is constantly evolving for in situ thermodynamic and kinematic profiling of the PBL. The CopterSonde
diverges from conventional UAS designs by integrating a dedicated thermodynamic sensor package with an aspiration system
and by incorporating custom flight control algorithms to mitigate platform-induced measurement errors (Segales et al., 2020;
Bell et al., 2020; Greene et al., 2018, 2019). Furthermore, its onboard weathervane-like function enables the collection of
high-fidelity thermodynamic and kinematic data without reliance on bulky and costly wind sensors (Segales, 2022). This
design concept preserves the CopterSonde’s streamlined aerodynamic profile and minimizes aerodynamic drag. Altogether,
these features make the CopterSonde uniquely suited to capture detailed vertical profiles of the PBL, particularly in high-wind
conditions, thereby mitigating some of the limitations of traditional in situ techniques.

Collaborative field experiments across multiple institutions compared various WxUAS platforms alongside conventional
meteorological instruments (de Boer et al., 2024; Hervo et al., 2023; Barbieri et al., 2019; Jacob et al., 2018; Koch et al.,
2018; Kral et al., 2018). These experiments have guided the evolution of WxUAS designs and shown that UAS-based sampling
effectively bridges observational gaps by delivering flexible, high-frequency, and targeted atmospheric profiles. Many creative
and effective WxUAS-based measurement techniques were tested and evaluated, with their results shared with the research
community (Kistner et al., 2024; Wildmann and Wetz, 2022; Segales et al., 2022; de Boer et al., 2022; Islam et al., 2019;
Houston and Keeler, 2018). Even the World Meteorological Organization (WMO) launched a global demonstration campaign
in 2024 to evaluate the capacity of emerging UAS technologies to satisfy future operational requirements (WMO, 2021).



60

65

70

75

Figure 1. CopterSonde-1 concept made in early 2017. An H-frame octocopter UAS with thermohygrometer sensors distributed in a symmet-
rical arrangement around the main body. The atmospheric sensors were housed and protected inside white plastic tubes and mounted on tt
UAS's arms below the rotors, shown by the yellow arrows pointing to some of the sensors.

Datasets from some eld experiments are available for analysis and veri cation (Bell and Segales, 2024; Greene et al., 2020;
de Boer et al., 2020b; Lappin et al., 2023). The CopterSonde also contributed to the PERILS linear-storm eld campaign
(Kosiba et al., 2024), yielding valuable datasets (Bell et al., 2024; Smith et al., 2024). During PERILS, extr2&m & 1)

pre-storm winds exposed the platform's operational limits, showing how such conditions can hinder critical atmospheric data
collection for forecasting. We have thus determined that WxXUAS require enhanced performance to operate in high-wind layers
and reach deeper atmospheric pro les. We also invite the reader to explore other datasets to become familiar with the variety
of WxUAS platforms used in atmospheric studies, such as those collected during TORUS (Targeted Observations using Radars
and UAS in Supercells) in 2019 and TORUS-LItE in 2021 (Houston et al., 2026).

The work presented in this article is built upon the hypothesis that the CopterSonde system, a WxUAS-based in-situ ver-
tical pro ler tailored speci cally for atmospheric sampling, can deliver measurements of comparable quality to conventional
instruments such as radiosondes and Doppler wind lidars, while also providing enhanced temporal and spatial resolution anc

lling the observational gap in the PBL, even in extreme wind conditions. The design and implementation of the CopterSonde
draw on lessons from past eld campaigns and extensive collaborative studies, including early prototype concepts and other
further innovations in UAS meteorological applications (Wildmann et al., 2014; Chilson et al., 2019; de Boer et al., 2020a;
McFarquhar et al., 2020). In doing so, the CopterSonde can not only help to Il the existing observational data gap but also
pave the way for more adaptive and comprehensive weather sampling and monitoring systems, in line with strategic objectives
from NOAA (National Oceanic and Atmospheric Administration (NOAA), 2020) and the recommendations outlined in re-
cent decadal surveys (National Academies of Sciences, Engineering, and Medicine, 2018; National Research Council (NRC),
2009).

The following sections detail the technological innovations, design considerations, and eld validation experiments that
underpin the development of the CopterSonde. This research leverages UAS capabilities to develop a reusable platform for
reliable atmospheric data acquisition, potentially enabling its integration into numerical weather model data assimilation to






