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ABSTRACT

Based on the China Meteorological Administration’s Tropical Regional Atmosphere Model for the South China Sea
(CMA-TRAMS), the authors conducted a collaborative assimilation forecasting experiment utilizing both Beidou
radiosonde and drone-dropped (HAIYAN-I) radiosonde data in September 2023. Three assimilation experimental
groups were designed as follows: Beidou radiosonde assimilation, drone-dropped radiosonde assimilation, and
collaborative assimilation of Beidou and drone-dropped radiosonde data (hereinafter referred to as “Beidou-
drop”). Additionally, a control group of operational forecasts without these data assimilations was set up. The
results indicate that the operational forecast path in the control group deviated northward from the actual path.
Besides, the Beidou-drop group showed the most significant improvement in terms of forecasting the typhoon
path at 60 to 90 h lead times. Specifically, the 72 h and 90 h path errors were reduced by 66.8 and 82.4 km,
respectively, resulting in a much more accurate forecast of Typhoon Haikui’s landing point, at the coastal junction
of Fujian and Guangdong. Furthermore, the collaborative assimilation revealed a notable impact on improving
the forecast of wind and rain associated with Haikui’s landfall, aligning more closely with the real case. A marked
rise was also seen in the precipitation score of the Beidou-drop group, where the 50 mm TS (threat score) of the
72 h lead time increased from 0.33 in the control experiment to 0.75, and the 100 mm TS rose from 0.18 to 0.39.
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1. Introduction

improves typhoon path forecasts. This also indicates that deviations in
the initial environmental field significantly affect typhoon forecasting

Typhoons, also known as tropical cyclones, frequently impact tropi-
cal regions, bringing disasters like strong winds, heavy rains, and storm
surges, causing massive loss of life and damage to property in island
and coastal areas. Forecasting typhoon paths and landfall locations is
one of the most important and popular topics in the field of typhoon
prediction. Scientists have revealed that relocating the typhoon posi-
tion in the forecasting model using data on typhoon center positions
could reduce forecasting errors (Huang et al., 2017). Others have con-
ducted assimilation forecasting experiments on typhoon environmental
wind fields using dropsonde observation data, and found it significantly
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(Zhang et al., 2012). Outside of China, based on dropsonde data, re-
searchers performed assimilation experiments for two hurricane cases
in 2014 and found that dropsondes are more effective in correcting
the environmental wind errors outside the hurricane. After assimilation,
the accuracy of forecasting the path, intensity, and structure improved
at lead times of more than 36 h (Christophersen et al., 2017). Mean-
while, by verifying and analyzing the long-term operational forecast-
ing results of unmanned aerial vehicle (UAV) dropsonde assimilation
experiments, Ryan et al. (2019) demonstrated a positive impact on ty-
phoon forecasting results. Along with the development and application
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of high-resolution specialized typhoon models, more refined observation
data have been applied in typhoon model initialization experiments.
Some researchers have attempted to obtain new types of ocean-based
observation data, such as ocean surface roughness and friction velocity
(Zhao, 2015; Bi et al., 2015). However, the lack of direct observations
of the occurrence and development of tropical cyclones over the open
ocean still limits improvements in the accuracy of typhoon path and
intensity forecasting (Tang et al., 2022). Furthermore, some scientists
have analyzed the number of dropsondes assimilated through compara-
tive experiments and revealed that even a single dropsonde is sufficient
to have an appreciable correction effect on the spatiotemporal structure
of typhoons (Nelson et al., 2020).

In an effort to obtain more abundant ocean-atmosphere observa-
tion data, scientists have continuously conducted airborne dropsonde
tropical cyclone experiments, both in China and internationally, since
the 1990s. From 2010 to 2018, the “Global Hawk” large UAV system
released 2700 dropsonde instruments (Wick et al., 2018), collecting
a large amount of hurricane observations, such as their temperature,
pressure, humidity, and winds, which have been applied in numerical
forecasting models. Researchers in the Taiwan region of China success-
fully implemented eye-crossing observations of Typhoon Longwang us-
ing UAVs (Lin and Lee., 2008). By 2012, they had completed 64 manned
flight observations and dropped over 1000 dropsondes into typhoons in
the Northwest Pacific. The data obtained were assimilated into a nu-
merical model data assimilation system, and this remarkably improved
the ability to forecast the paths of typhoons (Qian et al., 2012). Based
on a large UAV observation experiment in the South China Sea in 2020,
the spatial differences between dropsonde data and reanalysis data were
analyzed and cross-compared using conventional radiosondes as a stan-
dard, revealing that the accuracy of the temperature, humidity, and
wind speed from the dropsondes were quite close to the accuracy re-
quirements of WMO-CIMO (Gao et al., 2023). However, conventional
radiosonde data are only collected twice a day, and the national stations
are mostly land-based, making it difficult to meet the requirements of
marine data assimilation. To overcome this problem, the China Mete-
orological Administration has been leading the development of a new
“Beidou Smart Radiosonde System” since 2016, and conducted appli-
cation tests in 2022 (Wu et al., 2023). Compared with the observation
mode of traditional radiosonde equipment, the Beidou system adopts a
new round-trip drifting sounding system that can extend the observation
window period and obtain richer radiosonde observation data during
the three “ascending—drifting—descending” stages. This provides a “Chi-
nese solution” for enriching radiosonde observation data (Jian, 2021).
Therefore, in China, it is of great research and application value to ap-
ply this new generation of radiosonde data from the Beidou system in
typhoon model assimilation experiments.

This paper reports the findings from a collaborative assimilation
forecasting experiment using Beidou radiosonde and new-type UAV
(HAIYAN-I) dropsonde data, based on the China Meteorological Ad-
ministration’s Tropical Regional Atmosphere Model for the South China
Sea (CMA-TRAMS) (Zhong et al., 2020; Xu et al., 2020). The model
system is a localized and upgraded operational version of China’s self-
developed numerical model system named GRAPES (also called CMA-
MESO; Xue and Chen, 2008;). New technical schemes were applied in
CMA-TRAMS, such as a three-dimensional reference atmosphere scheme
in a dynamic framework (Chen et al., 2016), and a near-ground scheme
of ocean surface roughness and cyclone genesis (Li et al., 2024). With
a horizontal resolution of 9 km and a vertical stratification of 65 lay-
ers, the model meets the basic needs of domestic typhoon operational
forecasting (Ma, 2019). This is the first time that a collaborative as-
similation of the UAV dropsonde and Beidou system data has been ap-
plied in an operational forecasting system of the South China regional
model. Therefore, the analysis of new data and its impact in operational
model systems is of great importance and lays a foundation for future
application of the new data. The landing process of Typhoon Haikui in
2023 severely affected the coastal areas of southern China, and the di-

Atmospheric and Oceanic Science Letters 18 (2025) 100555

vergences of path forecasting among multiple models were quite large.
This paper uses the case of Typhoon Haikui to analyze the impact of Bei-
dou radiosonde and UAV dropsonde data on forecasting after ingestion
in the CMA-TRAMS assimilation system.

2. Data and methods

As shown in Table 1, real-time operational CMA-TRAMS forecasting
products that use conventional cloud analysis assimilation technology
were selected to be the control group in this experiment (Li et al., 2024).
On this basis, three experimental groups were set up: the Beidou group
additionally ingested Beidou radiosonde data into the assimilation sys-
tem; the Drop group additionally ingested drone-dropped radiosonde
data; and the Beidou-drop group additionally ingested both Beidou ra-
diosonde and drone-dropped radiosonde data. This paper analyzes the
differences in the typhoon path and intensity and precipitation forecasts
when data of different sources are ingested in the assimilation system;
and for future reference, it provides a basic analysis for the operational
application of new observation data.

This study employed the best-track data of typhoons as the standard
for verifying typhoon paths and intensities, and used gridded Chinese re-
gional national meteorological station and satellite fusion precipitation
observations as the standard for verifying typhoon precipitation events.

3. Results and discussion
3.1. Analysis of assimilation profile and increment

To confirm whether the analysis fields have already assimilated the
observational information, profiles of meteorological elements such as
wind, temperature, and relative humidity (RH) for the analysis field and
background field at the site of No. 482 dropsonde are shown in Fig. 1(a—
c). The Beidou radiosonde is in the Guangdong mainland area while the
drone-dropped radiosonde data are ocean-based in the South China Sea
area (Fig. 1(d)). Those profiles were obtained by interpolating the con-
trol group initial background field and assimilation analysis field to the
observation point, respectively. As shown in the figure, the profiles of
U-wind, V-wind, and RH in the Drop group lie between those of the
observations and control group, with the profiles of the Drop group be-
ing generally closer to the observed profiles. What is interesting is the
profiles of the U-wind field in the control group and the observation
converge at around 850 hPa (Fig. 1(a)). That is to say, the model under-
estimates the U-wind field below 850 hPa and overestimates it above
that level. However, the deviation in the control group diminishes sig-
nificantly after data assimilation.

Regarding the U-wind field after assimilation, wind speeds at each
level align closer to the observation profile. The deviation of the V-
wind field in the Drop group is also reduced between 600 and 800 hPa
(Fig. 1(b)), while the correction effect of assimilation on RH is more
noticeable below 850 hPa (Fig. 1(c)).

To further investigate the impact of different data in the assimila-
tion system, Fig. 2 depicts the horizontal distribution of water vapor and
wind field increments at 850 and 500 hPa for the Drop group, Beidou
group, and Beidou-Drop group, separately. As illustrated in Fig. 2(a, b),
the initial field of the control group is wetter compared to the actual
situation at 850 hPa, while it is drier at 500 hPa. The main wind incre-
ment in the Drop group is anticyclonic, which corresponds to a negative
water vapor increment in most areas. This means the cyclonic circula-
tion from the coastal area of western Guangdong to the eastern part of
Hainan Island is weakened, while the entire layer of the atmosphere is
drier in the coastal area of western Guangdong. A positive increment of
humidity can be observed from Hainan Island extending southeasterly
to the central South China Sea. In the Drop group, at the lower level of
850 hPa, a trend of decreasing humidity and drier air is apparent, while
at the middle and upper levels of 500 hPa, there is a trend of increasing
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Table 1 Experiment details.
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Experiment Assimilation data Forecast duration
1. Operation (Control) Operational cloud analysis data 90h
2. Beidou Cloud analysis data + Beidou radiosonde observations 90 h
3. Drop Cloud analysis data + Dropsonde observations 90 h
4. Beidou-drop Cloud analysis data + Beidou + Dropsonde observations 90 h
100 100
(a) ® model background (b) ® model background
200; e dropsonde observation 200 e dropsonde observation
3001 e assimilation analysis field 300- e assimilation analysis field
4001 4001
5001 5001
Pressure Pressure
(hPa) 600 (hPa) 600
700 7001
800 800
900 900
1000 —————m——m—~" 1000 e T
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Fig. 1. Vertical profiles of the dropsonde observations (red), model background (black), and analysis field with assimilation (blue): (a) horizontal U-wind; (b) V-wind;

(c) RH; (d) Observation distribution map.

humidity. This indicates the initial conditions revised by data assimila-
tion become more baroclinic in the South China Sea and allow a deeper
development of the weather system in this area, which is closer to the
realistic conditions.

In contrast to the Drop group, the Beidou group shows an enhance-
ment in easterly winds along the Guangdong coast and in its center,
as well as for the westerly winds in Guangxi and Hunan. There is also
a positive humidity increment along Guangdong’s southwestern coast,
contrasting with a negative increment inland. This suggests that Beidou
radiosonde assimilation enables water vapor to accumulate along the
coast, which differs from the “unfavorable” dryness in the control group.
This kind of data assimilation favors the occurrence of typhoon-induced
cloud precipitation over Guangdong’s southwestern coast, which is more
aligned with reality.

With regard to the Beidou-drop group, which merges both drone
dropsonde and Beidou radiosonde data into CMA-TRAMS, its increment
distribution along the coast is similar to that of the Drop group, while
in inland areas it shows a pattern that is more similar to the Beidou
group. Different wind field and water vapor increment distributions can
influence the future path of typhoons and precipitation patterns. The

dry structure at the bottom layer makes the easterly airflow over the
South China Sea stronger, and the typhoon path follows the southwest-
erly guidance of the airflow, suggesting a higher likelihood of typhoons
making landfall in Guangdong.

3.2. Path and intensity forecast of Typhoon Haikui

Fig. 3 compares the predicted and actual observed typhoon paths. In
the control group, the forecast path is shifted northward to the actual
path, and the northerly deviation keeps increasing with forecast lead
time, resulting in a forecast of landfall in Fujian. This is attributable to
the overestimated westerly wind in the control group. All three assimila-
tion experiments weaken the easterly wind in the initial conditions, and
therefore steer the forecast path more to the southwest. The weaken-
ing effect on the easterly wind is more remarkable in the Beidou group
than the Drop group, and thus a higher path accuracy is seen in the Bei-
dou group. However, the Beidou-drop group produces the best forecast,
predicting Haikui’s landfall near the junction of Fujian and Guangdong,
which is more in line with the observation. It should be noted that path
forecasts in the Beidou group and Drop group show westerly deviations
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Fig. 3. Comparison of the model assimilation experiments in terms of (a) forecasting the track of Typhoon Haikui (forecast initialized at 1200 UTC 2 September
2023), (b) the forecast error of the track, and (c) the forecast error of the intensity. The x-axis in (b, c) is the forecast lead time (in hours).
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to different extents, but the predicted typhoon speeds are instead slower
than observed.

In terms of the average path forecast error at different forecast lead
times (Fig. 3(b)), the three groups of assimilation experiments were not
stable within 0-24 h, which was related to the newly added assimilated
data information needing to be gradually integrated and absorbed in
the numerical model, known as the spin-up time. Typically, the spin-
up time is 0-12 h, but the incorporation of new data requires a longer
time for the current model framework to reach a balanced state. On the
later forecast, however, the forecast performance of each experimental
group gradually stabilized, and the forecast increment of the assimila-
tion experiments gradually became clear. The Beidou-drop group, which
simultaneously assimilates Beidou and drone dropsonde data, shows a
significantly improved path forecast at lead times from 60 to 90 h. The
path errors at the 72- and 90 h lead time are reduced by 66.8 and 82.4
km, respectively, of which the proportions are also 22.18 % and 23.48 %
less than that of the control group. Therefore, simultaneously assimilat-
ing Beidou and drone dropsonde data can significantly enhance CMA-
TRAMS'’s forecasting ability of the typhoon path, and this kind of im-
provement becomes more pronounced with increasing forecast lead
times.

The forecasting of the typhoon center pressure represents the fore-
casting of typhoon intensity. The Beidou group outperforms others in
the forecasting of typhoon intensity, as shown in Fig. 3(c), with only a
10-3 hPa intensity error from a lead time of 0 to 30 h. In this typhoon’s
weakening phase, at a lead time from 72 to 90 h, the Beidou-drop group
yields the minimum error, while other methods have errors exceeding
27 hPa. It is worth mentioning that the intensity error propagates with
increasing lead time in the Drop group, which reaches 38.8 hPa at the 84
h lead time. These experiments reveal that collaborative assimilation of
multi-source data is crucial for the application of new, unconventional
observation data in numerical models. The Beidou dropsonde assimila-
tion significantly improves the path forecast, but with less improvement
in the intensity forecast at longer lead times. It does affect the intensity
forecasts within a 48 h lead time, but in an unstable way. Overall, si-
multaneous assimilation of Beidou and drone dropsonde data yields the
best intensity forecasts. However, underestimation of the typhoon speed
forecast is not fully attenuated in the Beidou-drop group, which can still
lead to weaker intensity forecasts at a later stage and path deviations af-
ter landfall.

3.3. Precipitation forecasting skills for Typhoon Haikui

It should be noted that forecasting of precipitation events requires
consideration of various factors such as the water vapor conditions and
atmospheric dynamic and thermal conditions. However, the areas of
heavy precipitation in severe weather events with large-scale circula-
tion backgrounds, such as typhoons, are mainly influenced by the ty-
phoon’s path and landing location. We found that all three assimilation
experiments had an impact on the typhoon path at a long forecast lead
time. Therefore, this part focuses on the direct effects of changes in the
typhoon forecast path and landing point on the main rain areas and
precipitation scores.

Due to the large size of the assimilation experiment area (as shown in
Fig. 2), it is not possible to fully demonstrate the changes in typhoon pre-
cipitation. Fig. 4 shows an enlarged area specifically for typhoon precip-
itation. The typhoon path forecast from the Beidou-drop group is overall
closer to the actual observed path, consequently resulting in a more ac-
curate precipitation area forecast (Fig. 4). In particular, the precipitation
area forecast of over 50 mm coincides well with the actual observation.
This indicates data assimilation can improve not only the typhoon path
forecast, but also the main heavy rainfall area of typhoon-induced pre-
cipitation, to a great extent. Thus, it can be seen that after collaborative
assimilation of Beidou sounding and drone dropsonde data, the model
improves the path forecast of Typhoon Haikui, thereby improving the
forecasting skill for typhoon-induced precipitation during landfall.
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To evaluate the impact of the assimilation experiments on Typhoon
Haikui’s precipitation, precipitation forecast scores, referring here to the
threat score (TS), are separately verified for the landfall area along the
Fujian and Guangdong coasts, and the forecast domain area of CMA-
TRAMS at the 72 h forecast lead time. The verification areas are divided
as follows:

(1) The coastal area from eastern Guangdong to Fujian (22°-26°N,
114°-120°E), including 205 national observation stations, repre-
senting the Fujian and Guangdong coastal areas.

(2) The model forecast domain, covering most of mainland China,
with a total of 2200 national observation stations, referred to as
the national area.

For the coastal area, the precipitation forecast skill scores of the as-
similation experiments have significantly risen. Since all three experi-
ment groups have shown improvements in the typhoon path forecast,
each experiment group has increased the TS for the forecast of over
25 mm, especially in the vicinity of the landfall point. In this case,
the Beidou-drop group has the highest skill score. The TS for the 72
h forecast (Fig. 5(a)) increases from 0.43 to 0.71 in the 10 mm group;
from 0.29 to 0.81 in the 25 mm group; from 0.33 to 0.75 in the 50
mm group; and from 0.18 to 0.39 in the 100 mm group. The significant
improvement in precipitation forecasting skill contributes to the more
accurate precipitation area forecast of typhoon-induced heavy rainfall in
the Beidou-drop group. The precipitation scores for the national area at
the same forecast lead time are similar to those for the coastal area. Each
assimilation experiment group has improved the model’s TS for heavy
rain and above in the national area (Fig. 5(b)). Likewise, the Beidou-
drop group still gains the highest TS overall.

4. Conclusions

Based on CMA-TRAMS, assimilation experiments were conducted
utilizing Beidou sounding and drone dropsonde sounding for the case
of Typhoon Haikui in 2023. Through a comparative evaluation of fore-
cast variables’ vertical profiles, analysis increments, typhoon path and
intensity forecasts, and precipitation with the current operational model
products as a control group, the multi-angle analysis proves that:

(1) The assimilation of drone dropsonde data can effectively improve
the vertical distribution of the horizontal wind field in the model
at 500 hPa, making the model’s background field profile closer to
the observation. The improvement in the U-wind is particularly
noticeable.
Significant differences are observed in the distribution charac-
teristics of the analysis increments between the Drop group and
Beidou group at different heights. The collaborative assimilation
experiment (Beidou-drop group) using two types of encrypted
observations can adjust the water vapor distribution toward the
actual observation throughout the whole layer during typhoon
weather processes. At the same time, it makes a significant east-
erly wind correction to the typhoon environmental field, thereby
improving the typhoon path forecast and providing a more accu-
rate forecast of the typhoon landing point and overall path.

(3) The improvement from the assimilation experiment regarding the
typhoon path forecast also contributes to the precipitation dis-
tribution being closer to the actual situation. Quantitatively, it
brings a remarkable increase in the TS of the typhoon precipita-
tion forecast. Among the three experimental groups and one con-
trol group, the Beidou-drop group has the highest relative score.
The TSs at the 72 h forecast lead time are as follows: the 10 mm
group increased from 0.43 to 0.71; the 25 mm group increased
from 0.29 to 0.81; the 50 mm group increased from 0.33 to 0.75;
and the 100 mm group increased from 0.18 to 0.39.

(2

—

The assimilation experiment for this typhoon case is a preliminary
exploration of the application of new data in CMA-TRAMS, but there
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Fig. 4. Comparison of daily precipitation forecasts initialized at 1200 UTC 5 September along the Fujian and Guangdong coasts (the star marks the typhoon landing
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are still many deficiencies. For example, the issue of a slower typhoon
moving speed being forecast remains, even though the assimilation ex-
periment significantly enhanced the overall path forecast. Additionally,
in various experiments, the typhoon path forecasts shifted northward af-
ter landfall to varying extents, which was a significant divergence from
the actual situation. Also, the incorporation of new data means a longer
spin-up time is still a problem, which needs to be researched further.
We look forward to enriching the assimilation experiments of new data
and conducting additional analysis in the future, further analyzing the
reasons behind the remaining problems, and hopefully improving them.
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