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Abstract. Balloon-borne radiosonde observations constitute
a crucial component of meteorological sounding, which con-
ducts a ground to upper-air “ascent phase” sounding. This pa-
per introduces the Ascent-Drift-Descent Radiosonde System
(ADDRS), an innovative system characterized by three ob-
servation phases — “Ascent-Drift-Descent” (ADD) — in which
all three phases of sounding observation are executed through
single balloon launch. Several key technologies were suc-
cessfully developed, including the carrier (dual-mode bal-
loon), the payload (System-on-Chip (SoC) module for ra-
diosonde), Ground to upper-air data reception and control
command transmission and data processing framework based
on “Internet cloud + Instrument terminal” was established.
Data quality control methods and data assimilation tech-
niques of ADDRS were also developed. An interactive exper-
iment encompassing observations and forecasting was con-
ducted to evaluate the quality of experimental data at each
phase of ADDRS. Numerical assimilation and forecasting
experiments showed a positive (albeit not yet statistically sig-
nificant) impact on forecast quality for both general cases and
for Tropical cyclone cases. The pre-operational launching

and assimilation of more than 100 such radiosondes started
on 1 July 2024 and provided data over 1 year, and the number
of stations continues to grow.

1 Introduction

The upper-air meteorological sounding system (hereinafter
referred to as “sounding”) constitutes a key element within
comprehensive meteorological measurement framework (In-
gleby et al., 2016a). It is responsible for gathering data on
various meteorological elements such as temperature, hu-
midity, pressure, wind speed, and wind direction from the
surface up to heights of 30km and beyond upper atmo-
sphere (DuBois et al., 2002). This system provides verti-
cally observed meteorological data for weather forecasting,
numerical weather prediction, climate projection, scientific
research, and the inspection and calibration of ground-based
remote sensing equipment (Seidel et al., 2009; Fujiwara et
al., 2025). The integration of radiosonde technology with
balloon-borne soundings emerged in the 1930s, with early
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operational systems deployed in the 1940s; this technology
has since served as a primary tool for direct measurements
of upper-air meteorological elements below 30km and is
widely utilized on a global scale (Pettifer, 2009; Gallice et
al., 2011).

For nearly a century, these radiosondes have utilized the
direct measurement method of “one balloon launched, one
profile”. The radiosonde ascends at a certain speed with the
balloon expanding in volume due to decreasing air pres-
sure as altitude increases. Upon reaching a specific alti-
tude, the balloon bursts, concluding the measurement pro-
cess. This methodology confines effective observations to the
radiosonde’s ascent phase (Haig and Lally, 1958). The dis-
posable nature of radiosondes and balloons necessitates sig-
nificant costs for multiple deployments. Consequently, eco-
nomic constraints have led to reductions in sounding opera-
tions, such as Russia’s temporary reduction of launches from
twice to once daily in 2015, impacting the forecasting accu-
racy of numerical prediction models across Northern Hemi-
sphere countries (Ingleby et al., 2016b).

In recent decades, satellite soundings have played an in-
creasing role in Numerical Weather Prediction (NWP) and
are now the observations contributing most to forecast skill
(Bauer et al., 2015; Bormann et al., 2019; WMO, 2024a).
While radio occultation data has gained importance as a ref-
erence standard (Bauer et al., 2014), radiosonde profiles still
provide an important contribution to forecast skill, help with
the calibration and validation of satellite soundings and allow
independent verification of forecast fields. But the tempo-
ral resolution of global radiosonde observations data remains
limited, posing a significant challenge to its capacity in ful-
filling the requirements of routine forecasting. A notable con-
cern arises from the scarcity of direct measurement data dur-
ing periods characterized by frequent severe convective ac-
tivity, particularly in the hours immediately following noon.
Several studies have demonstrated that the frequent acqui-
sition of descent radiosonde data can enhance the accuracy
of numerical weather forecasting. Some multi-year studies
(Cohn et al., 2013; Wang et al., 2015) suggest that assimila-
tion of dropsonde data can reduce hurricane trajectory short-
range forecast errors by 10 %—15 %. However other studies
reviewed by Majumdar (2016) show less impact.

Additionally, several institutions are actively investigating
techniques to obtain multiple radiosonde data points from
a solitary balloon launch. Illustrative projects include the
multidisciplinary analysis of the African monsoon and the
measurement system research and forecasting experiments
conducted in the Asia-Pacific region, which utilize balloons
to conduct drop soundings as they drift with stable upper-
air winds over the ocean (Raman et al., 2011; Johnson et
al., 2024). Similarly, the Centre National d’Etudes Spatiales
(CNES) of the French Space Agency, has developed a Su-
per Pressure Balloon (SPB) capable of floating in the strato-
sphere for over three months (Hertzog et al., 2021). Ad-
ditionally, the Tata Institute of Fundamental Research Bal-
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loon Facility (TIFR-BF) in India has also contributed to this
field by developing comparable systems (Anand et al., 2021;
Vernier et al., 2018, 2022). Early stratospheric balloon sys-
tems encountered doubts concerning their long-term feasibil-
ity for operational data collection, attributable to cost and as-
cent rate limitations (WMO, 2025). Additionally, slower as-
cent rates result in radiative errors issue. However, for wind
vectors, especially crucial upper-level winds, GPS-based po-
sitioning provides high-precision data less affected by the
ascent rate. The development of a new generation of com-
mercial balloon systems has been changing this landscape.
Studies by Venkat Ratnam et al. (2014) and Ingleby et al.
(2022) looked at the quality and value of radiosonde de-
scent data. This paper introduces a new sounding technol-
ogy — the Ascent-Drift-Descent Radiosonde System (AD-
DRS). This system can improve the spatial and temporal
frequency of soundings and provides an additional verti-
cal profile as well as maintaining cost-effective, which ac-
quires radiosonde measurement data throughout three phases
— “Ascent-Drift-Descent” (ADD) — all with a single balloon
launch (Cao et al., 2019, 2022).

2 Synopsis of the Ascent-Drift-Descent Radiosonde
System (ADDRS)

The ADDRS was developed by the Meteorological Obser-
vation Centre of the China Meteorological Administration
(MOC of CMA) with other relevant organizations in China
(hereinafter referred to as the “ADDRS research team”). It
undertakes a three-phase upper-air measurement (Fig. 1).

The ADDRS primarily consists of the “ADD” subsystem
and the ground operation control subsystem, as shown in Ta-
ble 1 and Fig. 2. The “ADD” subsystem encompasses a dual-
mode balloon with a parachute, a drifting controller, and a
radiosonde. The dual-mode balloon features a design where
one balloon embedded within another, both made from a la-
tex material similar to that of meteorological sounding bal-
loons and filled with hydrogen. Upon inflation and launch of
the dual-mode balloon, the “ADD” subsystem at a rate of as-
cent between 5 and 7ms~! (WMO, 2025). As it rises, the
external air pressure decreases, causing the balloon to ex-
pand. At the predetermined altitude (generally between 28
and 30 km), the outer balloon bursts due to its expanding vol-
ume, marking the conclusion of the ascent phase measure-
ment. Given that the outer balloon bursts within the strato-
sphere, where vertical air movement is minimal, horizontal
movement becomes predominant. The inner balloon does not
burst, and the buoyancy of the inner balloon attains equilib-
rium with vertical stability, starting the drift phase.

After drifting for a predefined duration, which may vary
from a couple of hours to over 10h, the drifting con-
troller separates the inner balloon from the rest of the AD-
DRS equipment, thereby terminating the drift phase. The
parachute is promptly deployed, facilitating the radiosonde
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Figure 1. Pre-operational principle diagram of the Ascent-Drift-Descent Radiosonde System (ADDRS).

Table 1. Main instruments and key functions of ADDRS.

No. Subsystem Instruments

Key Function

1 “ADD” subsystem dual-mode balloon “outer balloon” as ascent carrier, “inner balloon” as
drift carrier

2 parachute parachute as the carrier of the descent phase

3 drifting controller Adaptive control of drift and descent

4 radiosonde The temperature, pressure, humidity, wind
measurement meet the demand for long-term
stratospheric observation

5 Ground operation Launch station Manned radiosonde inspection, ground check,

control subsystem

balloon inflation, and other balloon tasks

6 Multichannel sounding receiver 8 channels receive radiosonde data simultaneously

7 control command transmitter In a weather-sensitive area without a station, the
inner balloon can be detached and the descent started

8 operation management system Real-time acquisition, transmission, quality control,

and timely delivery of control instructions for
ADDRS data, providing real-time high-quality data
to weather analysis and numerical prediction models

in collecting data during the descent phase, while acting as
its carrier. This descent persists until the equipment touches
down, thereby completing the final phase of the “ADD” pro-
cess. At this point, ADDRS has successfully completed the
three-phase “Ascent-Drift-Descent” measurement.

The ground operation control subsystem of ADDRS com-
prises four main components in Table 1. The launch sta-
tion operates with a high degree of automation for sched-
uled sequences, though the critical procedure for inflating
the inner balloon to achieve drift requires operator supervi-
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sion. Full automation of this process is under active devel-
opment.automated. Ground data-receiver can also be placed
at the balloon launch station. However, its layout and func-
tion differ from the operational-ground data-receiver. Due to
the ADDRS drift phase, the horizontal distance between the
descent point of the radiosonde and its launch point can ex-
ceed 500km, while radiosonde data reception has a max-
imum linear transmission distance of around 200-300km.
Therefore, the traditional single-station, point-to-point radio
communication mode of radiosondes is inadequate for AD-
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Figure 2. Schematic representation of the equipment composition for ADDRS.

DRS data reception. Thus, the ground to upper-air commu-
nication system has been upgraded from point-to-point to a
multiple-to-multiple model. In areas through which the ra-
diosonde’s ADD phases may pass, ground data-receivers are
strategically deployed. This configuration enables multiple
ground data-receivers to concurrently receive data from a
single radiosonde or alternatively, a single receiver to cap-
ture data signals from several radiosondes simultaneously.
Consequently, the ground data-receiver is designed as a P-
band 8-channel parallel data receiver, capable of receiving
data from multiple radiosondes simultaneously. Additionally,
control command transmitters are located at the ground sta-
tion and other locations. These transmitters send control in-
structions from the ground to the drifting controller in the
air through uplink communication. This system allows for
the adjustment of the drift phase elevation, termination of the
drift phase, and switching to the descent phase measurement
as needed.

The operation management system acts as the brain of the
entire ADDRS system. Multiple ground data-receivers and
control command transmitters are connected to the opera-
tion management system by the Internet. These ground data-
receivers continuously transmit data to the operation man-
agement system in real-time for processing, display, and stor-
age. Based on the ADDRS trajectory and specific weather
and climate conditions, comprehensive decision-making al-
lows the operation management system to transmit control
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instructions to control command transmitters which then re-
lay them to the drifting controller in the air to execute the
desired functions.

The “Internet cloud + Instruments terminal” architecture
enables real-time, efficient, and bidirectional communica-
tion across the entire network during the “ADD” phases.
This configuration supports the seamless real-time acquisi-
tion, transmission, and quality control of ADDRS data while
ensuring rapid data delivery for weather forecasting. Con-
sequently, it enhances the timeliness and availability of ra-
diosonde data for forecasting purposes.

3 Critical scientific problems
3.1 Carrier technology

3.1.1 Study on the influence of atmospheric
environment on the net lift power of balloons

A multitude of meteorological factors, encompassing air
temperature, air pressure, solar radiation, and other external
environmental conditions, coupled with the gas volume of
the outer balloon directly influences its net lift and burst alti-
tude. Variations in pressure and temperature within the outer
balloon, induced by external meteorological conditions, in-
teract with the expansion dynamics of the inner balloon.
These factors, in conjunction with the optimum volume of
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the inner balloon, collectively influence the altitude during
the drift phase and the static equilibrium of the inner balloon.
Consequently, controlling the hydrogen inflation volume in
the dual-mode balloon presents a significant challenge.

The ADDRS research team conducted an in-depth theo-
retical analysis of the ascent and drift processes of the dual-
mode balloon, focusing on three areas: upper atmosphere
model expansion, the balloon’s dynamic equation, and a ther-
modynamic model. This study led to the development of a
coupling model that accounts for the effects of atmospheric
conditions on the balloon’s net lift (from now on referred
to as the “coupling model”) (Liu et al., 2022b). This model
provides a theoretical foundation for determining the net lift
force, ascent velocity, and target burst altitude of the dual-
mode balloon, enabling precise control of the mass of air in
the balloons in the dual-mode balloon under varying meteo-
rological conditions.

Table 2 presents data from six stations (Changsha, Wuhan,
Angqing, Yichang, Nanchang, and Ganzhou) situated along
the middle and lower reaches of the Yangtze River in 2021.
And based on the sounding balloon observation data in
Guangdong from August 2022 to October 2023, the opti-
mum volume capacities of related factors of the inner and
outer balloons of the dual-mode sounding balloon on the suc-
cess rate of the drift were studied, and a reasonable inflation
scheme was established to improve the success rate of the
drift. The research shows that the theoretical inflation amount
of the inner balloon for drifting at the expected height is
55.6 mol. Affected by day and night conditions, the inflation
amount during the day should be controlled at 52.6 =2 mol,
and at night, it should be controlled at 57.6 2 mol. The
burst height of the outer balloon has a significant impact on
the success rate of the drift. When the burst height of the
outer balloon is within the expected height, the success rate
of the drift can reach 82 %. The success rate of the drift dur-
ing the day is higher than that at night, and the success rate
under clear sky conditions is higher than that under cloudy
and rainy conditions. Under rainy conditions, the success rate
of the drift is only 50.2 %. After verification, the success rate
of the drift can reach 93.5 % by adopting the reasonable in-
flation scheme (Xu et al., 2025).

3.1.2 Performance improvement of the double-layer
balloon

The ascent phase of meteorological sounding typically lasts
between 1.5 and 2 h. However, during the ADD process, the
inner balloon of the dual-mode balloon is exposed to low
temperatures, intense ultraviolet radiation, and high ozone
concentrations for several hours or even up to 10h. To ad-
dress these challenges, the ADDRS research team conducted
formulation tests to enhance the inner balloon resistance to
these environmental factors, with a particular emphasis on
natural latex modification, cold resistance, and anti-aging
systems. Considering that latex hot air aging performance
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improves air tightness and balloons are exposed to prolonged
sun exposure and hydrogen loss, the incorporation of a spe-
cific latex compound was found to augment durability. Fig-
ure 3a and b show that the addition of latex formulas had
minimal impact on the latex viscosity and the balloon ap-
pearance while improving its tensile strength and thermal ag-
ing resistance. Figure 3c and d demonstrate that butyl oleate
exhibits the lowest reduction in low-temperature burst per-
formance after water extraction and accelerated aging, mak-
ing it the best-performing cold-resistant agent. Consequently,
this agent was integrated into the formula to bolster cold re-
sistance. For the anti-aging system, illustrated in Fig. 3e and
f, nano zinc oxide, which can be diluted directly with wa-
ter to replace traditional zinc oxide, was used. Additionally,
we incorporated antioxidants to enhance the balloons’ resis-
tance against ultraviolet and ozone degradation. These for-
mula improvements extend the inner balloon lifespan under
harsh conditions of low temperature, intense UV radiation,
and high ozone levels. This enhanced durability has been ap-
plied to the inner balloon, resulting in an extended service
life and a high success rate during the drift phase (Zhu et al.,
2021; Shen et al., 2020).

3.2 Payload technology
3.2.1 Performance improvement of the radiosonde

Due to ADDRS operates effectively across all three phases
of the ADD process, requiring a minimum operation time
of 6 h. This extended operation necessitates a larger-capacity
battery for the ADDRS radiosonde. Additionally, the ra-
diosonde’s weight affects the balloon’s inflation volume,
making it essential to reduce the radiosonde’s weight where
possible. Therefore, an integrated, lightweight, and low-
power radiosonde is crucial, and the ADDRS research team
developed a specialized SoC (System on Chip) module
(named Equinox I) for CMA’s GTH type of Beidou-based
radiosonde.

The GTH3 employs a specialized SoC module of mete-
orological sounding and utilizes a multi-layer board design
and miniaturized components to reduce the size, weight, and
power consumption. Compared to the previous operational
radiosonde (GTS12 radiosonde, WMO BUFR code: 201),
the GTH3 radiosonde (WMO BUFR code: 206) significantly
reduce the overall size, weight, and power consumption of
the device. Furthermore, the amount of plastic and toxic ma-
terials in the circuit boards has also been substantially re-
duced (Table 3).

The GTS12 and GTH3 radiosonde use the same PTU sen-
sor, P (MEMS piezo-resistive), T (adopting self-developed
NTC bead thermistor (reduced from diameter <1 to
< 0.4 mm) volume reduction, higher sensitivity), U (capac-
itive thin-film polymer humidity sensor). The difference lies
in that “Instrumentation and Methods”:

Atmos. Meas. Tech., 19, 3231-3251, 2026
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Figure 3. Modification test of natural latex in the inner sphere: (a) four types of modified natural latex materials — Butyl latex, Japanese
chloroprene latex, Chinese chloroprene latex, and Nitrile latex — were screened and added to natural latex using the homogenization method.
(b) Physical properties of the modified natural latex pellet samples were evaluated for operation and thermal aging tensile testing. (¢) Butyl
oleate, Plant polyol,DiOctyl Phthalate (DOP), DiOctyl Sebacate (DOS), DiOctyl Adipate (DOA), and mechanical oil were added to natural
latex as cold resistance agents. Cold resistance system test: the blasting diameters of six types of cold-resistant samples were tested using
low-temperature blasting instruments at —85 °C. (d) Low-temperature blasting diameters were measured for six types of raw, water-pumped,
and aged samples with seven parts of cold-resistant agents added. Anti-aging system test: (e) comparison of tensile properties among nine
anti-aging agents — UV327, UV400, UV531, UV1164, and TiO2 filler — with 0.2 parts of one-component anti-aging agent after 8 h of
operation and ultraviolet aging. (f) Comparison of tensile properties after ozone aging between Nano ZnO and ZnO.
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Table 2. Inflate test results based on coupling model.

3237

Inflatable mode Effective Drift Drift >4h >4h
launch  number  success numberof  success
times  of times rate times rate
Algorithm software 611 479 78.40% 436 7136 %
Table 3. Comparison of parameters among RS41, GTH3 and GTS12 radiosonde.
Radiosonde  Positioning Volume  Weight (g) Transmitting  Working Data Battery Foam Circuit
type method (mm?) power time Transmission Weight  Packaging boards
(mW) (min)  Rate (bps) (g) Weight(g) Weight(g)
GTS12 Radar 190 x 90 x 245 <400 <400 >120 1200 <250 <70 <80
radiosonde  positioning
GTH3 Equinox I 155 x 65 x 60 < 120 (for one <100 >240  Optional, 2400, <40 <30 <50
profile) 4800, 9600
155 x65x60 <170 (for “ADD” <100 > 640 <90 <30 <50
three phase profile)
Vaisala u-blox 155 x 60 x 46 109 60 >240 4800 76 - -
RS41 G7020

— For P [Design the temperature compensation circuit and
establish the correction equation by fitting the sensor
characteristic surface through multiple temperature seg-
ments and multiple pressure points to achieve higher
measurement accuracy.]

— For T [Optimize the installation structure, included An-
gle and lead length through simulation analysis, and ef-
fectively reduce the influence of solar radiation by im-
proving the installation structure and coating process.]

— For U [Optimize the Temperature compensation Correc-
tion Algorithm and humidity hysteresis Correction Al-
gorithm for Humidity sensors]

The GTH3 participated in WMO UAII2022 (Upper-Air In-
strument Intercomparison Campaign organized by the World
Meteorological Organization (WMO) and co-organized by
the Deutscher Wetterdienst (DWD) in 2022) with the re-
sults shown in Table 4. It is suitable for applications in
ORUC (Operational and Research Use in Climatology), in-
cluding aeronautic meteorology, near/ultra-short-term fore-
casting, global numerical weather prediction, and real-time
monitoring (WMO, 2024b).

3.2.2 Drifting controller

The drifting controller can be considered part of the AD-
DRS payload. It connects to an inner balloon above and a
parachute and radiosonde below. The controller fuses a wire
with an instant high electric current, triggering the mechan-
ical device to disconnect the parachute and the radiosonde.
The controller serves two main functions during the drift
phase:

https://doi.org/10.5194/amt-19-3231-2026

1. Similar to the Windborne system, it is equipped with
a ballast-dropping mechanism to control its weight, al-
lowing the inner balloon to better adapt to changes in
altitude.

2. Separate the inner balloon from the other sounding
equipment (parachute and radiosonde). Moreover, the
drifting controller can also initiate the fuse based on
predetermined control rules, such as altitude limits
(< 18 km), specified time, the latitude and longitude of a
designated area, or upon receiving commands from the
ground. This action can be taken before the drifting bal-
loon is about to enter the specified area or approach the
maximum drift height. As a result, it will effectively end
the drift phase, separating the parachute and radiosonde
from the balloon.

3.3 Receiving radiosonde data and sending control
instructions technology

The ADDRS ground data-receiver utilizes a high-gain, low-
power, ultra-compact omnidirectional antenna, along with
super-heterodyne architecture and multiple communication
protocol algorithms, including time division multiple access,
frequency division multiple access, and code division mul-
tiple access (Gong et al., 2021). It supports various fre-
quency modulation modes and achieves a receiving sensi-
tivity of better than —120 dBm (at 2400 bps), effectively ad-
dressing self-interference issues in multi-channel radiosonde
data reception. Additionally, the system incorporates narrow-
band wireless communication technology to improve low-
elevation reception when the radiosonde drops below the
receiving antenna’s height, facilitating broad-area coverage

Atmos. Meas. Tech., 19, 3231-3251, 2026
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Table 4. The evaluation results of GTH3 radiosonde temperature, pressure, relative humidity, wind and geopotential height in WMO Instru-
ments and Observation Methods Report No. 143 (p. 150, WMO, 2024b). (Note: The data are in the form of (A, L)i"(’g) *ec, L, Where A,
represents the individual measurement root mean square error, €. 7, denotes the measurement uncertainty, 8. 7, is the measurement error, and
o (8) indicates the measurement standard deviation. The planetary boundary layer (PBL) ranges from surface to 2 km; the free troposphere
(FT) ranges from 2 km to the tropopause 12 km; the upper troposphere/lower stratosphere (UTLS) ranges from 7 to 17 km; the middle and

upper stratosphere (MUS) is above 17 km up to the bursting point of the sounding balloon.)

Time  Height Atmospheric Relative Geopotential Pressure  Wind (horizontal) ~ Wind (horizontal)  Wind (horizontal)
temperature [K]  humidity [%RH] height [m] [hPa] direction [°] speed [m s_l] vector [m s_l]

Day  PBL  0.18;07°+0.03 7.00,3;°+0.74 X X X X X
FT 01200 £0.04  875.07°+0.60  59520+£18 04,90+0.1 3.6504£02 0.2990£0.0 03392 £0.0

UTLS 0095001 £0.03  7.73719+0.40  1327100+38  0.4,5° +0.1 25,92403 0.2590+0.0 0.3392+0.0

MUS  027,9224£0.10  1.690 4 £046 295754 £42  03;02£0.0 6159402 13739400 15737 £0.0

Night PBL  0.38;3,/%+0.05 472704 +0.15 X X X X X
FT 0150092 £0.02 641750001 5850404 055202 26,07 £0.2 0.2990£0.0 0.249%£0.0

UTLS  0.12890°£0.05  6.8233,/0+026 115777 £34 03,5 +0.1 24,01 x0.1 02499+0.0 02492 £0.0

MUS 010,903 +0.02 171374 +028 267207 £42  0.150"1£0.0 45,9%+02 0.2590+0.0 04593 +0.0

with a visual range radius for upper-air coverage of at least
200 km. The receiver can adapt to diverse application scenar-
ios, such as fixed stations, vehicles, and ships. With an aver-
age data reception rate of 99.7 %, the ground receiver at the
Anqing station has demonstrated an impressive maximum re-
ception distance of up to 487 km.

Unlike the one-way (downlink) communication mode
used in radiosonde systems, the ADDRS control command
transmitter can send ground instructions to the drifting con-
troller, with a linear communication range extending be-
yond 300 km. This capability allows for precise control over
the drifting controller to execute actions such as releasing
counterweights or separating the balloon from the parachute
and radiosonde, enabling the radiosonde to conduct drift
phase measurements within the target area (Liu et al., 2021).
During field tests, over ten balloon discharge control com-
mands were successfully transmitted, with the farthest reach-
ing 403 km.

3.4 “ADD” measurement technology

The details of the ADD measurement method are outlined by
Cao et al. (2019). The ascent phase measurement technique
adheres to the guidelines outlined in the CMA technical spec-
ification. The primary research focus of the ADDRS is on the
measurement techniques for the drift and descent phases.

3.4.1 Temperature measurement method in the drift
phase

During the drift phase of ADDRS, the inner sphere of the

dual-mode balloon moves with the horizontal airflow in the
stratosphere. The radiosonde’s vertical movement, with the
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surrounding atmosphere, is minimal and it can be approxi-
mately considered as drifting with the horizontal wind. The
effect of radiation on the temperature sensor during this
phase is greater than during the ascent and descent phases,
leading to considerable measurement errors that are chal-
lenging to correct using general quality control algorithms.

Given the unique conditions of stratospheric air temper-
ature measurement, the ADDRS research team employs a
multi-physical field, fluid-structure coupled computational
fluid dynamics (CFD) approach to model the behavior of
the temperature sensor in high-altitude, low-wind-speed en-
vironments. This model calculates the flow and the temper-
ature field, accounting for radiation effects based on sun el-
evation, ventilation, sensor size, and surface reflectivity. To
ensure broad applicability, neural networks, and other math-
ematical methods are used to fit the extensive simulation
data, yielding practical error-correction equations (Yang et
al., 2014).

Considering that there may be discrepancies between CFD
simulations and real environmental conditions, the ADDRS
research team uses instruments such as low-pressure wind
tunnels and solar simulators to create an experimental plat-
form. This setup simulates ventilation, air density, and so-
lar radiation conditions during the drift phase, allowing for
the measurement of temperature errors due to solar radiation.
These measurements verify and refine the simulation-based
error correction equations (Yang et al., 2022).

3.4.2 Vertical wind data during the parachute descent
Currently, due to the pendulum effect, vertical wind measure-

ments cannot be performed in balloon-borne soundings. The
parachute-drop wind measurement model established by the
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WMO and NCAR does not address vertical wind measure-
ment directly (Wang et al., 2015), instead assuming a zero
vertical wind speed. This model assumes that the parachute-
drop system is influenced only by gravity and vertical resis-
tance, omitting other factors like buoyancy, additional forces,
and parachute rotation during descent. This limitation pre-
vents the analysis of vertical wind and also affects the ac-
curacy of horizontal wind field calculations (Ingleby et al.,
2022).

Therefore, the ADDRS research team developed a more
comprehensive vertical wind measurement model by con-
sidering all relevant forces acting on the balloon-launched
and parachute descent dropsonde system, utilizing the do-
mestic Beidou-based radiosonde, shows significant promise.
The Beidou-based radiosonde demonstrated acceptable ac-
curacy during both ascent and descent phases compared to
the RS92 standard. The key advantages identified were the
ability to perform temporally intensive sounding observa-
tions (effectively obtaining an “ascent” and “descent” pro-
file from one launch) and the potential to spatially expand
coverage through the drift of the parachute, allowing for
a “one-station launch, multi-station reception” model. This
technology aligns with the trend towards automated, quanti-
tative remote sensing in meteorological observation (Guo et
al., 2018). The string length between the balloon/parachute
and the GTH3 radiosonde is standardized at 30 meters in
manual launches. This length helps reduce sensor exposure
to balloon wake effects but amplifies pendulum motion in
wind data. More than ten comparative tests were carried out
for the selection of the conical parachutes. The oscillation
angle of conical parachute is less than 1°, which can en-
sure the rationality of the Gaussian filtering correction filter
window for the horizontal wind in the descent phase. Mean-
while, a larger main parachute size can reduce the descent
speed. Therefore, without considering the cost, a “large con-
ical parachute” is recommended for the descent phase detec-
tion of ADDRS. And make sure the parachute area should
be tailored to match the radiosonde weight. The descent
phase of ADDRS could achieve a low-level descent speed
of 64+ 1ms~! can be achieved in UTLS (upper troposphere
and lower stratosphere (7-17 km), and a swing angle below
5°, as well as a vertical wind measurement uncertainty of
less than 1 ms~!. These findings demonstrate that the model
is effective for calculating vertical wind.

4 Field experiments and data quality verification

4.1 Field experiment in the middle and lower reaches
of the Yangtze River Region

From 2019 to 2021, ADDRS conducted field tests and appli-
cation research across a wide area in the middle and lower
reaches of the Yangtze River in China. The research focused
on measurement data processing methods, quality control al-

https://doi.org/10.5194/amt-19-3231-2026

3239

gorithms, and application technologies across diverse sce-
narios. The ADDRS radiosondes were launched from six
stations. They were Anqging, Wuhan, Yichang, Nanchang,
Changsha, and Ganzhou, which located in Anhui, Hubei,
Jiangxi, and Hunan provinces. A total of 14 ground ra-
diosonde data receivers were strategically positioned around
these six stations, spaced approximately 150km apart. The
test covered an area of 600000km?2, as shown in Fig. 4,
and show a trajectory for ADDRS at the Anqing station at
12:00 UTC on 11 July 2021.

During the 13-month experimental period, 3177 ADDRS
launches were conducted, with 3012 classified as effec-
tive launches, of which 2369 achieved successful drifting.
Among these, 2136 launches resulted in drifting for more
than 4 h. The overall drifting success rate was 79 %, with a
4 h drifting success rate of 71 % (Fig. 5).

From March to September 2021, 2427 “ADD” radiosonde
launches were conducted, with 2,281 classified as effec-
tive launches, of which 1772 achieved successful drifting.
Among these, 1587 launches resulted in drifting for more
than 4 h. The overall drifting success rate was 78 %, with a
4 h drifting success rate of 70 %. The 1772 successful drifts
were analyzed (Fig. 6), and 937 were successful during the
daytime, accounting for 53 %. The successful nighttime drift-
ing was 835 times, accounting for 47 %, somewhat worse
than the daytime performance. The drift heights ranging from
<75hPa (< 18km) to 15-10hPa (28-32km) were statisti-
cally analyzed. The proportion of outer balloon explosion
heights within 15-10 hPa (28-32 km) was the largest (43 %).
And the proportion of 20-15hPa (26-28 km) is 40 %, the
proportion of 30-20 hPa (24-26 km) is 9 %, and the total pro-
portion of beyond 30 hPa is 92 %. Therefore, The drift height
meets the GBON requirement of attaining at least 30 hPa for
a majority of ascents, with a subset of ascents also reaching
the 10 hPa level (WMO, 2020).

Due to the limited availability of high frequency, continu-
ous measurement data for the stratospheric atmosphere, ex-
periments were conducted in the middle and lower reaches
of the Yangtze River to obtain direct measurement data with
high spatial and temporal density (Zhang et al., 2021b). The
simulated and observed trajectories are represented by red
and black, respectively (Fig. 7). A color gradient based on
pressure altitude is used to indicate the variation of trajectory
height along the path.

The balloons drifting of ADDRS radiosondes data in the
above tropopause have been very useful for verification of
FY-3D satellite temperature and humidity profiles (Zhou et
al., 2023, 2024). And application in observing certain fea-
tures of gravity waves in the lower stratosphere (He et al.,
2024; Yang et al., 2021) and feature extraction and analysis
of atmospheric turbulence (Yang et al., 2023).

Atmos. Meas. Tech., 19, 3231-3251, 2026
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Figure 4. The network distribution of ADDRS and an example of measurement: the trajectory for ADDRS at the Anqing station at 12:00 UTC
on 11 July 2021. The black triangles represent balloon launch stations of ADDRS, while the black dots represent ADDRS receiving stations.

4.2 Data quality evaluation

Aiming at the characteristics of high-resolution ADDRS data
for quantitative application, the ADDRS research team care-
fully evaluated ADDRS data using 31 data quality control
methods based on the guidelines for CMA technical spec-
ification of operation upper-air meteorological observation
(Wang et al., 2020). For the data quality of the ascent phase of
the ADD radiosonde, refer to the results in Table 4. Addition-
ally, the fifth generation of ECMWF (ERAS) global reanal-
ysis (Hersbach et al., 2020) was used to evaluate the qual-
ity of four upper-air radiosonde observations stations’ AD-
DRS data in Guangdong (Zhang et al., 2025a), and Table 5
demonstrates good consistency between the ascent and de-
scent phases for temperature, u-wind, and v-wind (Yao et al.,
2026). The conclusion is basically consistent with the results
of Table 4.

But for relative humidity (RH), different radiosonde man-
ufacturers may adopt distinct saturation vapour pressure
(SVP) equations in calibrating humidity sensors. This dif-
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ference in the choice of SVP equation can lead to discrep-
ancies in relative humidity measurements among different
radiosonde types, especially under low-temperature condi-
tions. The ADDRS radiosonde humidity sensor is calibrated
using the (Goff, 1957) SVP equation recommended in ear-
lier WMO publications (WMO, 2012). Moreover, relative
humidity from the ERAS dataset is calculated using the Buck
SVP equation. To ensure a more consistent comparison, rel-
ative humidity was recalculated from temperature and spe-
cific humidity in the ERAS5 dataset using the Goff (1957)
SVP equation, with the SVP assumed over liquid water only.
The results show that the O—A bias and RMSE of relative
humidity under low-temperature conditions are reduced and
become much more physically reasonable.

The wind data from the drift phase were validated through
dedicated experiments involving accelerometers, applying
filtering principles consistent with Marlton et al. (2015).
However, we note that the discrepancies in the stratospheric
drift phase (both wind and temperature) are larger. This is
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Table 5. Comparative analysis of after-quality control of ADDRS radiosonde data and ERAS (O-A).

Ums™) | vms™) | 7T@® | RH(%RH)
bias  SD | bias SD | bias SD | bias  SD
Ascent  Day Above tropopause 0.03 1.73 0.11 191 | -04 1.04 - -
Below tropopause 0.13 141 0.08 147 | 0.04 0.69 1.32 8.57
Night Above tropopause —0.02 1.72 | —0.01 1.87 | 0.01 1.02 - -
Below tropopause 0.13 1.4 0.02 146 | 0.08 0.66 1.62 8.32
Drift Above tropopause - 332 - 322 - 3.09 - -
Descent Day Above tropopause 0.16 1.74 | —0.02 1.9 09 1.14 - -
Below tropopause 0.14 1.65 0.01 1.7 | 042 0.5 | —1.7 10.12
Night  Above tropopause 0.16 1.73 0.03 1.84 | 021 1.06 - -
Below tropopause 0.15 1.67 0.05 1.67 | 0.04 0.73 0.5 1047
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(a) M 2019 M 2021 |
- 80 ) {H Daytime
%{; 50‘%]‘
2 60 1 1™ Nighttime
8 B
Z s 1= Total
<] B 1 N o, ota
g 40 S 40%
= 3 .
St
3 30% -
0 2 ]
Nanchang Anqing Yichang Wuhan GanzhouChangshaAverage g’,)
<
100 T T T r = 1
(b) M 2019 2021 § 20%
= |
A
80 4
s 10%
s 60 F 1 |
Z ]
ST | 0%
20 | 1
Drift height Chpa)
0

Nanchang Anqing Yichang Wuhan GanzhouChangshaAverage

Figure 5. The field experiment in the middle and lower reaches of
the Yangtze River Region (2019-2021): (a) drifting success rate;
(b) 4 h drifting success rate.

consistent with findings from other studies comparing high-
resolution radiosonde data with reanalyses (Pauley and In-
gleby, 2022; Ingleby, 2017). such differences are often at-
tributed to representation errors arising from the inherent res-
olution mismatches.

A known warm bias, correlated with high initial descent
rates (frequently > 50ms™!), affects temperature measure-
ments during the early descent (Ingleby et al., 2022). Con-
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Figure 6. The drifting height of sounding-forecasting interactive
network experiment (2021).

sistent with operational practice, data from the initial high-
descent-rate period in this study were filtered out prior to the
comparison with reanalysis data presented. This quality con-
trol step mitigates the impact of this bias on the statistical
results.
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Figure 7. Schematic diagram of the observed (black) and simulated
(red) trajectories. The yellow pentagram indicates the radiosonde
station. The color of each point represents the corresponding pres-
sure level. Distinct markers are used every 200 hPa to enhance vi-
sual differentiation.

5 Application of ADDRS in numerical forecasting
techniques

5.1 A case study of weather analysis

Through long-term testing, the ADDRS have the potential
to capture key information in convective system monitor-
ing. From 8 to 9 July 2021, a strong convective weather
event with a long duration and a large impact area occurred
in the middle and lower reaches of the Yangtze River in
China. Convection developed and moved to northern Jiangxi,
northern Zhejiang, southern Anhui, and southern Jiangsu
overnight on 8 July (Fig. 8). The drifting trajectories of AD-
DRS radiosondes were from west to east, which aligned with
the movement and development direction of severe convec-
tion. The descent phase radiosondes of ADDRS provides ef-
fective monitoring and insights in tracking the occurrence of
the convective system and the changes in the ambient field.
Figure 8 displays the trajectory data of the ADDRS and
GTS12 radiosondes launched from the Wuhan Meteorolog-
ical Station. On the night of 8 November, at 11:15UTC,
Wuhan was situated on the western flank of the main con-
vective system. The ADDRS radiosonde was launched at this
time from the station, followed by the GTS12 radiosonde at
12:00 UTC from the same location. During the ascent phase,
the curve of the ADDRS radiosonde (Fig. 9b) exhibited a
trend similar to that of the GTS12 (Fig. 9a). A comparison of
the ascent-phase data revealed that the convective available
potential energy (CAPE) values differed between the two in-
struments as convection developed. The GTS12 measured a
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CAPE of 1729.39 kg ™! at 12:00 UTC, higher than the value
of 1498.16 J kg~! recorded by the ADDRS at 11:15 UTC.
Influenced by an upper-level westerly jet, the ADDRS
sounding balloon drifted eastward toward the Wuhan. At
13:30 UTC, ADDRS conducted descent phase measurements
(Fig. 9c). As shown in the layer curve, the CAPE value
at 21:30 UTC decreased compared with that at 12:00 UTC,
dropping to 646.0Jkg~!, which was lower than the energy
recorded at the Wuhan station. There is still a westerly jet
stream with wind speed greater than 20ms~! beyond the
upper-air of 500 hPa level. The east of Wuhan proximity to
the main body of convection, the reduction in energy sug-
gests intensive upward motion, leading to the reduction of
effective potential energy and further develop of convec-
tive. Notably, the GTS12 radiosonde, launched from Wuhan,
ceased data collection after the ascent phase, thus missing
this crucial change. The descent phase of ADDRS demon-
strates robust monitoring capabilities and holds significant
implications, as it can timely captures environmental con-
ditions favorable for convection onset and development, in-
cluding wind patterns, effective potential energy, and hu-
midity at downstream locations. These findings enable re-
searchers to analyze changes in the upper-air field and the
occurrence of catastrophic weather convective systems.

5.2 Applications in numerical weather prediction
(NWP)

Unlike GTS12 radiosondes, the ADDRS radiosondes pro-
vide measurement data of both ascent and descent phase
for numerical weather prediction (NWP), achieving a sim-
ilar role to intensive sounding and providing more contin-
uous, direct stratospheric measurement data (Zhang et al.,
2025b, 2023). The Numerical Department of the China Me-
teorological Administration developed the key technology
for ADDRS assimilation in the CMA-MESO 3DVar (three-
dimensional variational mesoscale) (Zhuang et al., 2019)
and CMA-GFS 4DVar systems (four-dimensional Variational
Global Forecast System) (Wang et al., 2021b). To avoid the
tangent linear and adjoint models, the four-dimensional en-
semble forecast error is introduced into the CMA global data
assimilation system, and the Hybrid-4DEnVar assimilation
scheme is developed. The batch cycling forecast experiments
and typhoon forecast experiments are conducted and com-
pared with the 4DVar scheme (Gong et al., 2019; Wang et al.,
2024a). Specifically, this includes observation operators that
consider drift positions and vertical spacing methods, such
as selecting the nearest radiosonde data from the model layer
for assimilation. But the assimilation of drift-phase obser-
vations faces three primary challenges: first, the large warm
bias in daytime temperature measurements, which signifi-
cantly impacts assimilation quality; second, the high likeli-
hood of correlated observation errors due to the very high
horizontal resolution of the data (~ 100 m along-track) com-
pared to the model grid. Current operational systems do not
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Figure 8. The trajectory for GTH3 and GTS12 radiosonde at the Wuhan station and radar reflectivity image at 12:00 UTC on 8 July 2021.

account for these error correlations, necessitating data thin-
ning to improve assimilation effectiveness. Third, determin-
ing the optimal data segmentation or “batching” strategy for
the continuous trajectory. Treating the entire drift phase as
a single, vertical profile at an average location introduces
significant representativeness error, as it ignores the sonde’s
substantial horizontal displacement. We employed the CMA-
MESO system to conduct a measurement data assimilation in
the ADDRS descent phase across six test stations in the mid-
dle and lower reaches of the Yangtze River from 1 to 31 July
2021. We set up the control test (CTL) as in the CMA-MESO
system, and the observed data included traditional sound-
ing data, ground reports, aircraft reports, cloud-guided wind,
radar radial wind, GNSS occultation refractive index, and
ground-based GNSS retrieval of the atmospheric whole-layer
precipitation water. ADDRS data assimilation was added to
the control CTL in the Down test.

The impact of the ADDRS descent phase measurement
data on the precipitation forecast at CMA-MESO at 03:00,
06:00, 09:00, 15:00, 18:00, and 21:00 UTC (termed the warm
start times) was evaluated. Compared to the TS (Threat
Score), the ETS (Equitable Threat Score) imposes stricter
penalty for false alarms and missed reports, making the scor-
ing more equitable. The results of the one-month batch test
indicate that assimilating ADDRS descent phase data im-
proves precipitation forecasting skills, especially for heavy
precipitation above a certain magnitude. Figure 10a and b il-
lustrate the improvement rates in accumulated precipitation
forecasting skills for the 0-12 and 12-24 h periods from the
warm start time. Positive values indicate that the precipita-
tion forecasting skills of the Down test are improved com-
pared with those of the CTL test, while negative values in-
dicate a decrease in forecasting skills for the Down test. The
ETS scores for precipitation forecasts in the 0—12h range at
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thresholds of 0.1, 1, and 50 mm increased slightly, averag-
ing about 0.04 % (Fig. 10a). Due to the timeliness required
for forecasting, the 12-24 h precipitation forecast is of par-
ticular interest to forecasters. As illustrated in Fig. 10b, the
Down test demonstrated enhanced ETS scores for precipita-
tion forecasts across all levels within the 12-24 h range, with
an average increase of 0.7 % at the 50 mm threshold and a
notable 2.2 % improvement specifically at this level. It is im-
portant to note that while these ETS improvements are con-
sistent and positive, they have not yet reached conventional
levels of statistical significance (e.g., p < 0.05) over the one-
month test period, primarily due to the limited sample size of
case studies. This underscores the preliminary yet promising
nature of these findings.

In addition, we utilized CMA-MESO V5.1 to conduct Ob-
serving System Simulation Experiments (OSSE) under the
ADDRS network nationwide. The results indicate that once
the ADDRS network observation is implemented, the na-
tional precipitation forecast skills of the CMA-MESO fast
cycle assimilation forecast system at warm startup time can
improve by 2 %-5%. The applications of ADDRS high-
resolution data were quantitatively evaluated using a numer-
ical model (Wang et al., 2023). After the application of AD-
DRS data in CMA-GFS 4DVar assimilation, the temperature
analysis error at 06:00 and 18:00 UTC was reduced by more
than 2 % and the average prediction skill of the CMA-MESO
accumulated precipitation results for the 12-36 h period im-
proved by 1 % (Wang et al., 2024b).

5.3 Applications in targeted observations
Targeted observations have sometimes been a frontier field

in atmospheric science. They represent a possible method to
address the shortcomings of conventional observation sys-
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Figure 9. Comparison of ADDRS and GTS12 radiosonde T-logP at the Wuhan station: (a) GTS12 radiosonde; (b) ascent phase of ADDRS
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compared to the control test.

tems in monitoring extreme weather events. Furthermore,
they sometimes enhance the initial field quality and forecast
accuracy of numerical models (Majumdar, 2016). With its
capacity for “ADD” measurement, the ADDRS has the po-
tential to conduct targeted observations in uninhabited areas,
rarely observed regions, and during specific extreme weather
events. However, since the ADDRS lacks a steering sys-
tem, accurate trajectory prediction is essential for utilizing
the descent phase for vertical measurements in these loca-
tions. This requires careful consideration of appropriate drift
height, launch time, and launch location, allowing the AD-
DRS sounding to be carried to the target observation area by
the ambient wind field.

In this context, a trajectory prediction and selection
method based on high-resolution numerical weather predic-
tion technology has been proposed for ADDRS (Wang et
al., 2021a). Additionally, Majumdar (2016) highlights that
advancements in numerical weather prediction (NWP) sys-
tems — such as improved data assimilation techniques and
enhanced model resolution — have reduced the marginal con-
tributions of individual observing systems. Furthermore, the
evaluation of targeted observations is constrained by factors
including flow-dependent conditions, limited sample sizes,
and inconsistencies in verification metrics. Therefore, cost-
effective strategies for targeted observations necessitate ex-
ploration through multi-agency coordinated observing sys-
tem experiments, such as FSO studies (Magnusson et al.,
2025).

5.3.1 Trajectory prediction method and software
system

The issues of low temporal resolution and prediction accu-
racy associated with the linear extrapolation method used in
balloon trajectory prediction (Brown et al., 2024). The bal-
loon trajectory equation is directly embedded into a high-
resolution numerical weather model system that utilizes a
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model atmospheric environment with high temporal resolu-
tion (1-10s) and high spatial resolution (1-3 km). This ap-
proach enables precise simulation of vertical velocity during
the ADDRS descent phase (Fig. 11a), enhancing the accu-
racy of ADDRS trajectory prediction and the simulation of
descent velocity. The average prediction error for a 6 h tra-
jectory is less than 40 km (Fig. 11b).

5.3.2 Trajectory selection method based on the
collection idea

To observe the ADDRS in the target observation area, we
proposed a method of elevation selection based on ensem-
ble forecasting, considering the characteristics of the atmo-
spheric wind field as it varies with altitude. The main idea of
this method is to predict the trajectories of all ADDRS sta-
tions at different drifting heights and select the heights clos-
est to the target observation area. The details are as follows:

1. Identify the positions and launch time: Given the posi-
tions Sm(xy;, Y, Zm) of M ADDRS launch stations and
the launch time .

2. Select safe drift heights: Choose N safe drift heights
hi, ha, ..., hy,, that comply with civil aviation safety
regulations as flat drift heights.

3. Trajectory prediction: Utilize the trajectory predic-
tion system to predict the ADDRS trajectories un-
der the above conditions within 12h, resulting in
Tnm(x,y,z,t) for N trajectories at each of the M
launch stations.

4. Calculate closest trajectory: From the M x N trajecto-
ries obtained in step 3, calculate the trajectory closest
to the target observation point. When the distance is
less than the predetermined standard distance L¢ that
can meet the requirements, the releasing ADDRS sta-
tion and the drifting height H; are selected, and the time
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Figure 11. (a) Comparison of simulated (red line) and observed (blue line) vertical speeds of ADDRS radiosonde data during the descent
phase at the Anging station at 11:17 UTC on 20 June 2018. (b) Deviations of 63 pairs of simulated ADDRS trajectories versus observed
trajectories (black line), with the average deviation indicated by the blue line and the largest forecast deviation shown by the red line.
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Figure 12. Technical route for targeted observations of typhoons and other severe weather using ADDRS and CMA-MESO models.

nearest to the target area is taken as the descent time
ts. If no suitable drift height meets the conditions, the
trajectory selection fails.

5. Implement target observation: Input the information re-
garding the ADDRS balloon launch station, drift height,
and descent time determined in step 4 into the ADDRS
operation command system to execute the target obser-
vation.

5.3.3 Targeted observations experiment of Typhoon

The ADDRS research team proposed a “full chain” imple-
mentation for target observation using ADDRS (Fig. 12).
This implementation plan, designed to provide technical sup-
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port for ADDRS applications in disaster weather monitoring,
forecasting, and mechanism research, encompasses three pri-
mary phases. Initially, the requirements for target observation
are established. These requirements fall into two categories:
one focusing on specific disaster weather events and the other
on sensitive areas to improve future numerical prediction
skills. The target observation area is then determined based
on the type of demand. For the first category, the specific
location of anticipated disaster weather is identified through
numerical prediction results. For the second category, the tar-
get observation location is determined using CMA-GFS sin-
gular vector technology.

Subsequently, the trajectory selection system is invoked
to ascertain the ADDRS launch station, drift height, launch
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and subsequent descent phases time, and other relevant in-
formation. This information is then transmitted to the opera-
tion command system of ADDRS to guide the stations in im-
plementing ADDRS measurements. Ultimately, the ADDRS
target observation data is distributed to users for application
and evaluation.

According to the implementation plan for ADDRS target
observation (Zhang et al., 2021a; Liu et al., 2022a), we made
a preliminary attempt to conduct a target observation experi-
ment on Typhoon 2309 “SAOLA” (Lau et al., 2024) formed
at 00:00UTC on 28 August 2023. By 00:00 UTC on 1
September, it was expected that “SAOLA” would make land-
fall near Guangdong on 2 September. Therefore forecasters
sought profiles of the inner structure of Typhoon “SAOLA”.
Note also the importance of the steering flow and use of satel-
lite data to analyse the wider environment of tropical storms
(Magnusson et al, 2025). Using the typhoon trajectory pre-
dicted by CMA-GFS, we pinpointed the typhoon’s position
for 12:00pm UTC on 2 September post-landfall. The AD-
DRS trajectory selection system was then engaged to ascer-
tain the balloon launch station and drift height that could
reach or come closest to the typhoon area, ranging from the
minimum navigation safety height of 21 to 29 km. We set ten
different drift levels at 1 km intervals, with trajectory predic-
tions and simulations conducted from four radiosonde obser-
vations stations in Guangdong. Yangjiang radiosonde obser-
vations station in Guangdong was ultimately chosen for the
launch, scheduled for 06:00 UTC on 2 September 2023, with
a drift level of 25 km.

We calculated the required hydrogen capacity for the dual-
mode balloon, and the “ADD” subsystem was prepared to
be deployed by radiosonde observations station personnel.
When the radiosonde reached the core area of “SAOLA”
the radiosonde dispatched commands to the “SAOLA” con-
troller via control command transmission equipment, suc-
cessfully observing the descent phase 80km from the cen-
ter of Typhoon “SAOLA” The obtained ADDRS data was
subsequently assimilated into the CMA_MESO 3DVar sys-
tem. Test results indicated that after assimilating the data
from the ADDRS descent phase, the forecast error for the
typhoon trajectory reported since 06:00 UTC on 2 Septem-
ber 2023, was reduced. Specifically, the typhoon trajectory
error at 02:18 UTC was reduced from 62.7 to 35km in the
control test ,marking an improvement of 44.18 %. Addition-
ally, precipitation forecasting techniques exhibited improve-
ments: from 0.25 to 0.30 in the 10 mm scale, from 0.30 to
0.55 in the 25 mm scale, and from 0.45 to 0.70 in the 50 mm
scale. These results effectively demonstrate the potential of
ADDRS in target observation and numerical assimilation ap-
plications (Fig. 13). It is worth noting that the initial use
of ADDRS for target observation served as a foundational
attempt, paving the way for future ADDRS operations and
maximizing its utility (Wen et al., 2025).
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Figure 13. 2 September 2023 00:00 UTC to 3 September 2023
06:00 UTC: (a) Control test (blue), ADDRS data assimilation im-
pact test (red), and optimal trajectory of Typhoon “Saola” (black).
(b) Comparison of sea level pressure at the central point of Typhoon
“Saola” between the control test (blue) and the ADDRS data assim-
ilation impact test (red). (¢) ETS scores for 0-24 h of precipitation
forecast from control trials (orange) and ADDRS data assimilation
impact trials (green).

6 Summary

ADDRS represents a possible next-generation approach for
upper air sounding, adding substantial flexibility compared
to currently operational sounding systems, We developed a
multi-station real-time reception system utilizing “Internet
cloud + Instruments terminal” technology. Additionally, up-
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link commands can be sent from the ground to facilitate
descent measurements in designated areas and targeted ob-
servations in weather-sensitive regions. Following over five
years of extensive research and numerous field tests, the in-
struments, software, and operation guidelines of the system
have achieved a refined level of maturity. Starting 1 January
2024, ADDRS already undergo operation experiments at
four radiosonde observations stations in Guangdong, China.
Since July 2024, a planned trial at 127 CMA radiosonde ob-
servation stations aims to achieve full operation capability
by 2026. The positive impact of ADDRS data assimilation
demonstrated here, even if not yet statistically significant
over a one-month sample, has shown considerable applica-
ble promise. ADDRS is a situational profiling technique that
offers cost-effective upper-air measurements, making it suit-
able for widespread application in WMO’s pre-operational
sounding (e.g., RA II-18-I-DP-2). However, challenges re-
main, such as improving the drift success rate, enhancing
relevant technologies, and fully leveraging the potential of
continuous measurement data during the drift phase.

Data availability. The ADDRS research team previously hosted
data on platform (https://www.r7tec.com/html/report/20040875-1.
htm, last access: 17 May 2026).
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