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Abstract. The CopterSonde is an unmanned aircraft system developed in-house by a team of engineers and meteorologists at
the University of Oklahoma. The CopterSonde is an ambitious attempt by the Center for Autonomous Sensing and Sampling to
address the challenge of filling the observational gap present in the lower atmosphere among the currently used meteorological
instruments such as towers and radiosondes. The CopterSonde is a unique and highly flexible platform for in situ atmospheric
boundary layer measurements with high spatial and temporal resolution, suitable for meteorological applications and research.
Custom autopilot algorithms and hardware features were developed as solutions to problems identified throughout several field
experiments carried out since 2017. In these field experiments, the CopterSonde has been proved capable of safely operating at
wind speeds up to 22 m s~ !, flying at 3050 m above mean sea level, and operating in extreme temperatures: nearly —20 °C in
Finland and 40 °C in Oklahoma, United States. Leveraging the open-source ArduPilot autopilot code has allowed for seamless
integration of custom functions and protocols for the acquisition, storage, and distribution of atmospheric data alongside the
flight control data. This led to the development of features such as the “wind vane mode” algorithm, which commands the
CopterSonde to always face into the wind. It also inspired the design of an asymmetric airframe for the CopterSonde, which is
shown to provide more suitable locations for weather sensor placement, in addition to allowing for improvements in the overall
aerodynamic characteristics of the CopterSonde. Moreover, it has also allowed the team to design and create a modular shell
where the sensor package is attached and which can run independently of the CopterSonde’s main body. The CopterSonde is
on the trend towards a smart UAS tool with a wide possibility of creating new adaptive and optimized atmospheric sampling

strategies.
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1 Introduction

The atmospheric boundary layer (ABL) is a dynamic system that experiences significant changes in the thermodynamic and
kinematic states in its vertical and horizontal structures. An understanding of these structures is key for improving numerical
modeling, simulations, and weather forecasts. A combination of fine-scale domain models along with higher resolution obser-
vations in space and time are required in order to advance such understanding. The measurement of temperature, humidity,
pressure and winds are some of the most important parameters for the description of the thermodynamic and kinematic behav-
ior of the ABL. There are currently several meteorological instruments able to measure these parameters effectively; however,
they are limited in coverage and have high operating costs. This has resulted in a “data gap” in the ABL, which is gaining
national and international attention (National Research Council, 2009; Hardesty and Hoff, 2012; Geerts et al., 2017; National
Academies of Sciences, Engineering, and Medicine, 2018).

The National Academies has initiated and overseen two “Decadal Surveys” over the last 20 years with the goal of generating
“recommendations from the environmental monitoring and Earth science and applications communities for an integrated and
sustainable approach to the conduct of the U.S. government’s civilian space-based Earth-system science programs.” (National
Academies of Sciences, Engineering, and Medicine, 2018). The 2017-2027 Decadal Survey, released in January 2018, states
“Earth science and derived Earth information have become an integral component of our daily lives, our business successes,
and society’s capacity to thrive. Extending this societal progress requires that we focus on understanding and reliably predicting
the many ways our planet is changing.” (National Academies of Sciences, Engineering, and Medicine, 2018).

Unmanned aircraft systems (UAS) are an emerging technology with a growing interest for weather research and atmospheric
monitoring in the scientific community. Correspondingly, a rapid growth in the developments of the autopilot capabilities,
ground station software, and airframes is also being observed. However, a well proven design that fully satisfies the needs
of measuring atmospheric parameters accurately and effectively is still in its early stages of development. The first attempts
of using UAS for atmospheric research go back to the 1970s (Konrad et al., 1970) and, since then, the integration of sensors
onboard the platform as a whole has been gradually improving. For instance, the Small Unmanned Meteorological Observer
(SUMO) is a fixed-wing aircraft that was developed at the University of Bergen as a cost-effective atmospheric measurement
system (Reuder et al., 2009). Later, Wainwright et al. (2015) and Bonin et al. (2015) showed a clear example of the use of the
fixed-wing SUMO for estimating the temperature structure function parameter and compared them against Large-Eddy simu-
lations and sodar observations respectively. Furthermore, the multipurpose airborne sensor carrier (MASC) UAS was recently
developed by the Eberhard—Karls University. It was originally designed for boundary layer research, capable of collecting
temperature, humidity and wind data in situ at high resolution (Wildmann et al., 2014).

Nowadays, the development of a fully autonomous system that can operate with little to no human intervention seems to be
the next big step in the field. However, the airspace over the United States is regulated by the Federal Aviation Administration
(FAA), and their main mission is to deconflict the airspace and keep the airways safe. Therefore, it is imperative that UAS
operations always comply with the FAA rules. At the time this paper was written, the FAA requires a licensed UAS operator to

be physically present at the flight site and it also explicitly states that the UAS must be within sight at all times, unless special
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permissions from the FAA were acquired. Hence, the current UAS operations are limited by legal factors. However, there are
strong interests from the scientific community in collaborating with the FAA and providing safe solutions with appropriate
risk mitigations. Chilson et al. (2019) envisions the future concept of operations of a large network of fully autonomous and
unattended UAS distributed over the state of Oklahoma and beyond, also known as the 3D Mesonet concept.

The CopterSonde rotary-wing UAS is part of this larger project and was specifically designed to be a reusable and safe
system capable of adapting to the current and future rules and conditions. Moreover, the CopterSonde was developed as a
flexible and cost—effective platform (below 5000 US dollars in materials) for the precise measurement of temperature, humidity,
pressure, and wind profiles. Additionally, the CopterSonde will receive firmware improvements over time aimed towards a
more autonomous and unattended system. In this paper, the design process and the technical capabilities of the CopterSonde
are discussed. Results from some field campaigns are also shown to demonstrate the ability of the CopterSonde to repeatably
and consistently collect accurate data while enduring challenging conditions such as low-level jet winds, icing events, and low

air density at high altitudes.

2 The CopterSonde System

The Center for Autonomous Sensing and Sampling (CASS) from the University of Oklahoma (OU) has enabled the develop-
ment of the CopterSonde UAS for weather research, shown in Fig. 1. The foundation of the CopterSonde design started with
a commercially available airframe equipped with an open—source autopilot system. In the most recent version, the airframe
and autopilot have gone through heavy modifications in order to optimize it for atmospheric data acquisition, in particular for

temperature, humidity, pressure, and wind data.
2.1 Airframe

The presented CopterSonde airframe is based on a modified version of the Lynxmotion HQuad500 construction frame kit from
RobotShop Distribution Inc. The CopterSonde is a rotary-wing vehicle that has four fixed pitch rotors mounted at the end of
four almost equally spaced arms attached to the main body, also known as quadcopter. The structure of the quadcopter is made
of G10 fiberglass plates, carbon fiber tubes, aluminum tube-clamps and stand-offs. A combination of T-motor U3 700 KV
motors with carbon fiber T-style propellers 11" x 5:5" (27:94 cmmx13:97 cm) are attached at the end of each arm. The motors
are controlled by a Lumenier 30A BLHeli32 4-in-1 speed controller which are powered by a single 4 cell 6750 mAh lithium
polymer battery. The battery has its own compartment inside the CopterSonde to avoid exposing it to extreme environments,
and to keep it within operating temperatures. Furthermore, all of the CopterSonde’s electronics are covered by a shell to protect
them from external hazards. The CopterSonde technical and performance specifications are summarized in Table 1.

The original frame was intended for simple recreational flights, in particular for long endurance first person view (FPV)
flights. Therefore, the quadcopter had to undergo some modifications to accommodate the desired components and repurpose
the functionality of the aircraft for weather data collection. Several components were fitted in the CopterSonde, which included

a high precision Here+ V2 Ublox M8P GPS that has the ability to process real-time kinematic (RTK) GPS positioning with
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Figure 1. Angled front view picture of the ready-to-fly CopterSonde UAS.

a precision on the order of few centimeters. Also, a lidar based rangefinder was mounted on the CopterSonde to accurately
measure the height close to the ground which works in conjunction with a precision landing system based on an infrared
camera. Figure 2 shows the 3D printed mount supports for the lidar device and the precision landing camera respectively,
which were integrated into the structure of the quadcopter. The 3D printed parts, including the shell that encloses the body
of the CopterSonde, were modeled using the SolidWorks® computer aided design (CAD) program. Several iterations of the
different CAD parts were printed with Polylactic Acid (PLA) plastic using a LulzBot® TAZ 6 3D printer until a perfect fit was
attained. Furthermore, the digital models were also useful to study the airflow behavior and its trajectory around such parts and
the CopterSonde by using computational fluid dynamic (CFD) simulations, which is discussed in Sect. 2.5.

The arrangement of the electronic components within the CopterSonde was carefully planned to increase its modularity
and facilitate performing routine maintenance. In particular, the payload was strategically placed at the frontmost section of
the CopterSonde. Consequently, the sensors are subjected to a cleaner airflow by keeping the payload always facing into the
wind. As a result, undesired data contamination (produced by sources such as the heat emanated by the CopterSonde itself) is

significantly reduced. This technique is better described in Sect. 2.3.
2.2 Autopilot Software System

The CopterSonde is equipped with a Pixhawk Cube 2.1 autopilot board (Hex Technology, Sha Tin, Hong Kong), which is used
as the main controller for flight stabilization and navigation. The Pixhawk is an open-hardware project that provides users with
a readily available, economic and high-end autopilot board solution for academic, hobby, and industrial communities. It con-

tains a powerful microcontroller capable of executing complex autonomous missions. The Pixhawk board runs the ArduPilot
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Figure 2. Left side view picture of the CopterSonde UAS illustrating the location of the custom mounts for the LightWare 20/C lidar type
rangefinder and the IR-LOCK precision landing camera. The inset picture in the lower right corner shows the camera mounted on the bottom

of the CopterSonde. The sensor package is also shown unmounted next to the CopterSonde.

Table 1. Technical specifications of the CopterSonde airframe.

Frame size 500 mm
All-up weight 2:25-2:36 kg
Maximum speed 26:4ms *
Maximum ascent rate 122ms !
Maximum descent rate 6:5ms !
Maximum altitude above ground* 1800 m
Maximum altitude above sea level 3050 m
Maximum wind speed tolerance 2ms !
Flight endurance” 18:5 min
Operating temperatures’ 20°C-40°C

“ under favorable weather conditions with almost no wind.

b tested temperatures, the range can be larger than stated.

autopilot code, which is a free software package that can be redistributed and modified under the terms of the GNU General
Public License version 3 (GPLv3). This means that anyone is free to use all of the code and tools provided in the ArduPilot
105 Github repository without authorization or involvement from the ArduPilot team. However, it is the responsibility of anyone

using the code to inform the end user that open-software is used and the source must be provided. Therefore, under the given
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license terms, the code source release made by CASS is available to the users in Segales et al. (2019), which is in accordance
with ArduPilot’s GPLv3 licence.

The motivation behind the decision taken to modify an existing open-source autopilot code was the flexibility of incorpo-
rating additional desired features not dependent on proprietary codes from companies, which usually do not follow the same
research line and are prone to being discontinued. By having full access to the UAS’s autopilot code and being able to modify
it as desired, it allowed for considerable reduction in the required electronic hardware by centralizing functions in a single
processing unit. For instance, separate data loggers for the weather sensors were not needed as the Pixhawk autopilot board
has sufficient computing power to accommodate the extra data. This also came with the benefit of weight reduction which is
crucial to improving flight performance and endurance. The official ArduPilot code by default does not support the desired
meteorological sensors nor the adaptive flight behaviors for optimal atmospheric sample acquisition. Thus, the ArduPilot code
has undergone modifications to incorporate custom user-code functions to adapt it to the specific application.

In the current version of the CASS—ArduPilot code run by the CopterSonde, a set of custom functions were added on top of

the original ArduPilot code. These are itemized with their motivation and description as follows.

1. Weather sensor integration: code libraries to read the bead thermistors distributed by International Met Systems (iMet)

and HYT-271 humidity sensors distributed by Innovative Sensor Technology (IST) were added into the autopilot code.
The communication between the sensors and the autopilot is done over a single bus using the I°C protocol, capable of

sampling and storing up to 8 sensors at 20 Hz each to an internal SD card.

2. Custom sensor message for wireless streaming: since the sensors’ data are supplied to the autopilot board, these were

then added to the data stream transmitted through the telemetry radio from the CopterSonde to the ground control station
(GCS). The autopilot uses the Micro Air Vehicle Link (MAVLink) protocol to code the messages, which can be modified
to include new message definitions. Consequently, the sensors can be monitored in real-time while in flight. Additionally,

a copy of the streamed data is stored in the GCS’s computer.

3. Wind vane mode: a simple wind estimation algorithm was developed and implemented on the autopilot. The autopilot
estimates the wind direction and adaptively turns the CopterSonde into the wind. By maintaining the CopterSonde
orientation into the oncoming wind, the air being drawn across the sensors has not been disturbed by effects from the
CopterSonde body. As a result, data contamination is minimized as shown in Greene et al. (2019). Furthermore, the
wind vane mode creates quasi-symmetric conditions that simplifies the wind vector calculation in post-processing. It
also enables the design to take on an asymmetric distribution of the electrical components. This greatly contributes to the
aerodynamic shape as it adds stability in higher wind speeds that would otherwise be unachievable with a conventional

symmetric UAS airframe.

4. Smart fan for sensor aspiration: the chosen weather sensors have a delicate structure and it must be kept protected from

dust and debris. Therefore, the sensors were mounted inside a tubular shield and aspirated by a smart fan, which is
controlled by an algorithm executed by the autopilot. The algorithm toggles the fan’s power on/off at specified heights

after takeoff and before landing.






