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Abstract

The atmospheric sounding experiment is a practical course that complements
the theoretical course of atmospheric detection. Mastering the basic experi-
mental techniques of atmospheric detection is a fundamental requirement for
the development of talents in atmospheric science and atmospheric detection
for the new era of meteorological observation. The School of Atmospheric
Sciences at the Chengdu University of Information Technology has adjusted
the teaching content and system of the traditional undergraduate course “at-
mospheric detection experiment” by integrating teaching and laboratory re-
sources, and established a teaching system that combines basic experiments
with cut-ting-edge experiments, validation experiments, and independent de-
sign experiments, laying a foundation for improving the quality of teaching of
the undergraduate course “atmospheric detection experiment”. This article will
focus on the design ideas, observation methods, principles, and comparison
results verification of the “low-altitude atmospheric element detection experi-
ment based on multi-rotor unmanned aerial vehicles” in the atmospheric de-
tection experiment course. This article breaks through the traditional operation
of atmospheric detection experiments, and combines modular design and prac-
tice of a new experimental course system to design novel atmospheric-sounding
experiments and course systems, achieving good application results.
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1. Introduction

Atmospheric detection is a branch of atmospheric science that involves a very
wide and specific range of topics [1]. The course “Atmospheric sounding” mainly
discusses the development of atmospheric detection instruments, the history of
detection from ground to high altitude, introduces the circuits and principles of
various meteorological observation instruments for temperature, humidity, air
pressure, wind speed and direction, radiation, precipitation, as well as the signal
acquisition system and data processing system [2] [3]. It also teaches observation
methods for clouds, atmospheric electric fields, radio-sounding instruments, and
small aircraft for detecting the upper atmosphere [4] [5]. Finally, it briefly dis-
cusses the physical models and statistical reanalysis methods for various meteo-
rological observation data [6].

Innovative atmospheric sounding methods often lead to unexpected major
discoveries. The field of atmospheric detection encompasses a vast and specific
range of topics [7]. The course “Atmospheric sounding” mainly discusses the
development of atmospheric sounding instruments, including the history of
detection from the ground to the upper atmosphere [8]. The course also in-
troduces the principles of various types of meteorological observation instru-
ments, such as circuits, analog-to-digital conversion principles, signal acquisi-
tion systems, and data processing systems [9]. In addition, it covers observa-
tion methods for temperature, humidity, air pressure, wind speed and direc-
tion, radiation, precipitation, clouds, atmospheric electric fields, radio sound-
ing, and small aircraft detection [10] [11]. Finally, it briefly describes the phys-
ical models and statistical reanalysis methods for various meteorological ob-
servation data [12].

The integration of new achievements in related fields such as electronic com-
puting, microwave, signal data processing, and mathematics is critical to timely
and effective innovation in atmospheric detection [13]. Upgrading and expand-
ing exploration of atmospheric detection techniques relies on the application of
novel meteorological sensors [14] [15]. One of the reasons for the rapid devel-
opment of atmospheric science in the 20th century is the emphasis on the con-
struction of observation systems and the application of new detection technolo-
gies. Several large-scale international research programs, such as the Global
Energy and Water Cycle Experiment (GEWEX), the Climate Variability and
Predictability Programme (CLIVAR), and the World Weather Research Pro-
gramme (WWRP), prioritize the development of observation systems and ac-
tively promote the application of new atmospheric detection technologies [16]
[17] [18]. Currently, a new generation of instruments and equipment, such as
satellite remote sensing technology, unmanned aerial vehicle technology, phased
array weather radar technology, laser application technology, and microwave ra-
diometer technology, are advancing atmospheric detection capabilities [19].
These instruments and equipment are capable of producing larger volumes of

observational data, and their information application levels continue to increase.
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Standardized ground-based station network observation and recording for con-
ventional meteorological elements and various atmospheric phenomena have
been achieved. A new set of observational business systems, including dust
storms, atmospheric composition, marine meteorology, agricultural meteorolo-
gy, and aviation meteorology, have been established. Self-developed automatic
meteorological stations and high-altitude detection systems have been put into
business operation, while unmanned aerial vehicle-based detection equipment
has entered the business system. Self-developed detection equipment has played
an important role in meteorological observation business and the development
of atmospheric science.

The course of Atmospheric Detection is a basic and practical professional
course with strong application relevance, and its course content is continuously
updated with the development of technology. The characteristics and innovative
teaching reforms of this course are as follows: 1) emphasizing practicality: while
introducing detection principles, practical abilities are also emphasized. Taking
advantage of the comprehensive detection base jointly established by the China
Meteorological Administration and Chengdu University of Information Tech-
nology, students are allowed to have contact with instrument entities, under-
stand the operating principles of observation instruments, learn about the
process of obtaining meteorological data, meteorological data formats, and their
applications, and cultivate practical, composite, and applied talents. 2) Keeping
up with the times: the continuous development of modern radio communication
technology, remote sensing technology, electronic circuit technology, and com-
puter technology has also promoted the development of detection technology.
The physical environment scope of the Earth’s atmosphere detected by humans
continues to expand, and the amount of data obtained by detection also contin-
ues to increase. Therefore, the course content is continuously updated accor-
dingly. 3) Emphasizing teaching innovation: Atmospheric Detection has a lot of
content, but the number of class hours is relatively limited. Therefore, this
course adopts a teaching method that combines teacher lectures, hands-on expe-
riments, and student online virtual simulation platforms. The classroom mostly
uses heuristic and discussion-based interactive teaching methods. Other virtual
teaching cases built by other teams are introduced in the classroom, and stu-
dents are encouraged to participate in meteorological observation and practice
activities after class, which improves learning efficiency and helps students form
intuitive and sensory understanding, and is beneficial to cultivate and shape
students’ innovative characteristics.

The course experiment design of this paper is to improve the detection of
low-altitude meteorological elements. The advanced UAV system is equipped
with detection equipment for sounding, which changes the traditional way of
using balloons to carry radiosonde for sounding, and significantly improves the
upper atmosphere detection method, which is the innovation of the experiment

of text design.
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2. Relevant Content Related to Atmospheric Detection Using
Drones

Due to their convenience and flexibility, unmanned aerial vehicles (UAVs) have
gained high popularity and innovation activity, leading to rapid development.
The deep integration of UAV remote sensing and other related technologies has
presented a plethora of expandable applications. We call this the “low-altitude
UAYV detection” application prospect, mainly manifested in the following as-
pects: 1) Real-time transmission of remote sensing data is crucial for military,
emergency response, and disaster relief. Many national security monitoring and
disaster relief operations rely on UAV remote sensing and real-time transmis-
sion to provide timely information for decision-making. In April 2019, during
the resurgence of the forest fire in Muji, Liangshan, Sichuan, China, CCCC First
Harbor Consultants Co. Ltd. used a UAV equipped with a three-axis stable
dual-light electric suspension, taking off from an altitude of 3,000 meters, dy-
namically tracking and locking onto the fire point, storing and playing back in
real-time, providing first-hand fire information for the emergency command
center. 2) The combination of UAVs and simultaneous localization and map-
ping (SLAM) technology will enhance the navigation and obstacle avoidance
capabilities of UAVs, with important application prospects in UAV intelligent
data acquisition and autonomous flight. For example, indoor large scene posi-
tioning and map construction at the same time, outdoor large scene optical and
lidar fusion three-dimensional reconstruction, can be convenient and fast sur-
face buildings, indoor objects three-dimensional modeling. 3) Similar to the
“observation and attack integration” in military applications, the integration of
UAYV remote sensing, identification, task planning, and execution technologies
enables UAVs to complete tasks in a unified manner. For example, UAV remote
sensing can be used to achieve remote sensing of field agricultural situations,
generate pest prescription maps, plan reasonable flight routes, and execute pre-
cise pesticide spraying, integrating static remote sensing observations with
real-time decision-making and execution.

However, in the field of meteorological detection based on large UAVs, China
is still blank. To enrich meteorological prediction methods, the China Meteoro-
logical Administration has launched the first phase of the Oceanic Meteorologi-
cal Comprehensive Guarantee Project, conducting unmanned aerial sounding
experiments under the airborne observation subsystem. Using civil UAVs de-
rived from the military high-altitude and high-speed UAV “YILONG” 10 as the
core platform, an information exchange channel consisting of meteorological
payloads, UAVs, ground systems, and meteorological networks is established for
high-altitude meteorological data acquisition, filling the gap in China’s large-scale
UAV-based meteorological detection field. A successful flight with an un-
manned aerial vehicle (UAV) surrounded Typhoon Sinlaku on 15 Sept., 2008
and the preliminary analysis of all the collected data during the observation pe-

riod has been presented. It is the first time to adopt surrounding method to ob-
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serve typhoon in mainland of China [20].

3. Course Design of Low-Altitude Meteorological Element
Detection Experiment Based on Unmanned Aerial
Vehicle (UAV)

The research on the course design of low-altitude meteorological element detec-
tion experiment based on unmanned aerial vehicle (UAV) will be carried out
from three main aspects: the design of experimental course content, the design

of experimental course steps, and the design of course practice modules.

3.1. Experimental Course Content Design

Teaching aids are the foundation of a curriculum. Currently, there are many
rotary-wing unmanned aerial vehicle (UAV) platforms available, but few are
suitable for use as teaching aids. Companies such as DJI and ZeroTech offer a
variety of UAVs with stable performance. DJI’s industrial UAV series, such as
the DJI Matrice 300 RTK, has dimensions of approximately 810 x 670 x 430
mm (length x width x height) when unfolded (excluding propellers), and weighs
3.6 kg without the battery (Figure 1). It has a maximum ascent and descent
speed of 5 m/s, a maximum flight time of 55 minutes, and a maximum flight al-
titude of 5 km. The DJI M300 RTK can be equipped with the “Lingxiu” series of

Figure 1. DJI M300 RTK equipped with meteorological detection instruments.
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Figure 2. Preparations for a DJI M300 RTK test flight.

meteorological instruments developed by Shenzhen Kofly Technology Co., Ltd.
to detect temperature, humidity, air pressure, wind speed, and wind direction in
real time during flight. With the help of precise motion compensation algo-
rithms, it can obtain accurate meteorological data without hovering. The Lingxiu
V2 meteorological instrument supports three-axis wind speed measurement, and
has motion compensation algorithms for UAV translation, attitude, and rota-
tion, which can output wind speed and direction data in the northeast coordi-
nate system after motion compensation, enabling accurate meteorological ele-
ment detection during high-speed movement.

Course Content: This practical course is divided into three parts, starting from
the basics and gradually progressing to more advanced topics:

1) Practice in operating a multi-rotor UAV;

2) Ground calibration of meteorological detection instruments;

3) UAV sounding experiments.

The course content is designed to ensure that students can operate UAVs in-
dependently, and based on their understanding of high-altitude meteorological
detection, complete the final high-altitude meteorological detection using a UAV
(Figure 2). This approach not only strengthens students’ theoretical knowledge
from textbooks, but also allows them to use practical skills. The course content
aims to cultivate students’ understanding of the high-altitude atmospheric de-
tection system and their ability to construct a three-dimensional model of at-
mospheric pressure, temperature, and humidity changes. The last part will in-
volve post-processing of high-altitude detection data, integrating all the know-
ledge into a comprehensive experimental course design.

3.2. Design of Curriculum Construction Ideas

The experimental design follows the CDIO engineering education model, with
students at the center, and presents the complex process of atmospheric boun-

dary layer detection using unmanned aerial vehicles carrying atmospheric sen-
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sors in a visual way. The aim is to cultivate students’ understanding and aware-
ness of low-level atmospheric detection in atmospheric science.

The purpose of experimental teaching is to cultivate students’ practical skills.
The mastery of practical skills can be divided into four stages: directional opera-
tion, imitation, integration, and proficiency. Students need to explore and grad-
ually clarify the experimental content and steps in the actual operation process.
In traditional teaching, students may find the theoretical and formulaic parts in
textbooks very dry, and some scenarijos are difficult to describe in words. How-
ever, hands-on experiments can transform theoretical teaching into rich practic-
al teaching, which can improve students’ interest in learning.

Firstly, students need to understand the breadth and depth of the project top-
ic, as well as the system planning, functionality, and desired indicators, and plan
and design the project based on extensive literature and team research and dis-
cussion, while reserving some time for learning knowledge. In order to better
enhance the challenge of the unmanned aerial vehicle detection technology
course, course construction will focus on the following aspects:

The integration of unmanned aerial vehicle hardware, data acquisition, and
processing with the school, atmospheric science majors, and the “Atmospheric
Detection” course characteristics to form a complete modular technology sys-
tem. The modules can include unmanned aerial vehicle software and hardware
system debugging and atmospheric detection modules, unmanned aerial vehicle
practical flight and low-level meteorological element data acquisition modules,
and unmanned aerial vehicle atmospheric detection data processing and appli-
cation modules.

Combining unmanned aerial vehicles with the specific application of atmos-
pheric science majors, integrating key and difficult knowledge points related to
atmospheric boundary layer detection, and constructing a complete low-level
atmospheric detection technology system. This can be reflected in the visualiza-
tion of unmanned aerial vehicle detection data, the generation of three-dimensional
atmospheric temperature and humidity profiles, and the low-level detection data
application module.

Establishing an experimental verification platform that meets teaching needs,
obtaining typical demonstration verification results, and constructing a more

complete experimental teaching and practical teaching methods and rules.

3.3. Curriculum Practice Module Design

This system consists of meteorological load, mounting bracket, unmanned aerial
vehicle platform, and ground control terminal. The meteorological load consists
of a receiver, GPS antenna, sounding instrument, and post-processing software.
The unmanned aerial vehicle platform consists of DJI’s power system, wireless
link, and bus control unit.

The ground control terminal serves as the main interface for human-machine

interaction, sending control commands to the unmanned aerial vehicle platform
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via a wireless link. The bus control unit within the unmanned aerial vehicle
platform sends the command to the mounting bracket and then to the meteoro-
logical load. The meteorological load receives the instruction from the un-
manned aerial vehicle via a Type-C interface and periodically reports the status
information back to the unmanned aerial vehicle. The unmanned aerial vehicle
reports the information to the ground control terminal via a wireless link.

Inside the meteorological load, the receiver is used to collect data and transfer
it to the sounding instrument. The sounding instrument measures the atmos-
pheric temperature, humidity, and pressure during the flight of the unmanned
aerial vehicle and transmits the measurement data back to the ground receiving
station via wireless communication.

The course will use a three-level progressive practice mode, including: 1) Guid-
ing basic experimental projects/skills training level; 2) Reflecting the depth and
breadth of student participation/autonomous experimental level; 3) Challenging
experimental projects/experimental level. The main practice modules involved
in each level are as follows.

1) Guided basic experimental projects/skills
* Basic training in the operation of meteorological data processing software;

* Multi-rotor drone assembly, testing, and drone flight testing;

* Route planning and ground station software for drones;

* Data acquisition for unmanned aerial vehicle atmospheric sensors.

2) Demonstrating student participation in depth and breadth/autonomous
experimentation
* Obtaining unmanned aerial vehicle boundary layer atmospheric detection

data from the Sishan Observation Station and drawing temperature and hu-
midity profiles (partially), and drawing wind rose diagrams (overall) (de-
monstrating the application level of unmanned aerial vehicle low-altitude
atmospheric detection methods);

* Using the collected data to draw the temperature and humidity distribution
map of the entire Sishan region for the low-altitude plane area (partially) (de-
monstrating the application of unmanned aerial vehicle high-altitude plane
meteorological element collection).

In the experiment, the first step is to allow students to adjust the parameters of
the unmanned aerial vehicle and the experimental instrument carried by the
unmanned aerial vehicle, allowing students to become familiar with the steps
and procedures for unmanned aerial vehicle takeoff, route planning, and high-
altitude detection.

In the second step, after the unmanned aerial vehicle is assembled, the stu-
dents will install the wind measurement and air temperature and humidity in-
strument payload on the unmanned aerial vehicle themselves. The teacher will
open the portable computer and use the wireless transmission device of the DJI
MK300 to input the unmanned aerial vehicle’s flight height, flight route, flight

time, and other information.
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In the third step, the sensitive meteorological five-element equipment and
ground receiving software are debugged, and the students record the ground
pressure, temperature, relative humidity, wind speed, and wind direction infor-
mation and compare it with the meteorological five elements collected by the
payload for ground verification.

In the fourth step, if it is found that some meteorological elements deviate
from the true value, it should be calibrated in time.

In the fifth step, the calibrated unmanned aerial vehicle and sensor are placed
in an open field and prepared before takeoff.

In the sixth step, the unmanned aerial vehicle collects meteorological elements
according to the designed route and height, and after completion, the collected

data is analyzed and post-processed.

4. Conclusions

Traditional high-altitude atmospheric detection refers to using a sounding in-
strument carried by a balloon to sense the pressure, temperature, and humidity
of the surrounding environment as the balloon ascends. The instrument trans-
mits the data to the ground via wireless signals. After processing and analyzing
the data, ground personnel can obtain the vertical distribution of atmospheric
elements above the measurement station. High-altitude meteorology is a scien-
tific discipline that experiments and studies the various physical phenomena and
processes that occur in the free atmosphere. It investigates the distribution pat-
terns of wind, pressure, density, temperature, humidity, etc., with altitude and
latitude/seasonal changes, as well as macroscopic and microscopic cloud struc-
tures, precipitation processes, cold and warm fronts, squall lines, etc.

Due to its convenience, flexibility, high public participation, and innovation
activity, unmanned aerial vehicles (UAVs) have developed rapidly and are wide-
ly used in atmospheric detection and other related technical fields. However,
UAVs have limitations in terms of effective payload and flight time. Weather
conditions such as rain, snow, clouds, and fog can restrict UAV activities and
sensing processes. To enable the large-scale use of UAV detection technology,
further improvements and enhancements to UAV capabilities are necessary.
There are still some limitations in the design of this course. For example, when
using drones for sounding, airspace needs to be submitted for application, and
sounding cannot be carried out in no-fly areas. Due to the limitation of the bat-
tery capacity of drones, the flight height is about 1000 m, and it is impossible to
detect high-altitude wind, but only the elements of atmospheric boundary layer
can be detected. The upper atmosphere can only be explored by large fixed-wing
drones.

The atmospheric detection course offered by atmospheric science majors
should keep up with the new products and application scenarios of technological
advancements, and strengthen the reform and innovation of experimental and

practical courses in atmospheric detection. Through experimental course design,
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it is possible to achieve two objectives: 1) Keeping up with the forefront of
high-altitude atmospheric detection technology, linking the key and difficult
theories and technologies of related courses, exploring the combination points of
cutting-edge technology and the major, and forming a challenging and demon-
strative practical teaching course that closely links theory and practice, hardware
and software. 2) Greatly enhancing students’ hands-on and innovative abilities
and cultivating cutting-edge and scarce talents that meet the urgent needs of

meteorological industry employers.
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