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Highlights

What are the main findings?

e  This study integrates coherent Doppler wind lidar (CDWL) and ERAS5 reanalysis data,
revealing that frontal activity plus Taihang Mountains’ topographic constraints drives
excessive tailwinds at Beijing Daxing International Airport.

o  CDWL captures fine low-level wind field variation, with its data consistent with ERA5
in time and space, verifying multi-source data reliability for tailwind research.

What is the implication of the main finding?

e  The revealed tailwind triggering mechanism may provide a basis for airport operation
optimization, contributing to improved aviation safety.

e The CDWL and ERAS analytical framework is applicable to tailwind studies at other
airports, providing a reference for tailwind events triggered by diverse climates and

topography.

Abstract

Excessive tailwind, threatening the safety of aircraft takeoff and landing, is one of the
prominent research topics in the field of aviation meteorology. This paper analyzes the
causes of tailwinds at Beijing Daxing International Airport (BDIA), based on coherent
Doppler wind lidar (CDWL) and ERAS reanalysis data. CDWL with high spatiotemporal
resolution is utilized to detect variations in the low-level wind field in the vicinity of airport
areas. ERAD reanalysis data are employed to investigate the distribution characteristics
of meteorological elements such as wind fields, pressure, and temperature in the Beijing
surrounding regions. The study of two typical tailwind events reveals that frontal activity,
through the combined effects of pressure gradient adjustment and topographic constraints
from the Taihang Mountains, drives the development of low-level southerly jets. It serves
as the key mechanism triggering excessive tailwind. By integrating CDWL and ERA5
data for local and regional analysis, this study contributes to enhancing understanding
of tailwind causal mechanisms and provides critical support for aviation meteorological
disaster early warning.
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1. Introduction

With the development of the civil aviation industry, airport throughput has been
continuously increasing, and the importance of aviation safety has become increasingly
prominent. As a key meteorological factor affecting the takeoff and landing safety of
aircraft, abnormal changes and extreme events in the low-level wind field can directly
threaten aviation safety. Currently, airport wind field research mainly focuses on typical
risk factors such as wind shear, turbulence, tailwind, crosswind, etc. [1-3]. Through
multi-source monitoring means like surface meteorological stations, Doppler weather
radars, wind profile radars and coherent Doppler wind lidars (CDWL), a relatively mature
warning system and analytical methods for causal mechanisms have been established [4-8].
Although tailwind events do not receive as much attention as wind shear, they occur
from time to time due to factors such as local circulation, terrain shielding, and seasonal
wind field changes. From the perspective of aviation safety, strong tailwinds can cause
changes in the airspeed of aircraft, disrupt the lift balance, and lead to an extended landing
roll distance, thereby posing safety risks such as go-arounds and flight diversions. For
example, at Hong Kong International Airport, two aircraft failed their approaches and
diverted to Macau International Airport due to the strong tailwinds accompanied by
thunderstorms [9]. In terms of airport operational efficiency, excessive tailwinds can trigger
unfavorable runway configuration switches, significantly reduce airport capacity, and
result in flight delays [10]. The existing studies primarily focus on the operational impacts
of tailwinds, with few exploring the triggering mechanisms, such as the role of synoptic
systems and local topography, on tailwind formation. Tailwind limits at airports vary in
specific values due to factors such as runway characteristics (e.g., length, surface friction),
aircraft performance (e.g., weight, wing configuration), and operational preferences, but
generally do not exceed 10 knots (5 m/s) [11].

In recent years, CDWL has gradually emerged as a key tool for wind field monitoring
at airports, leveraging its advantages of compact size, high spatiotemporal resolution, and
robust anti-interference capability [12,13]. Airports such as Hong Kong International Air-
port [14], Narita International Airport [15], Lanzhou Zhongchuan Airport [16], and Beijing
Capital International Airport [17] have all conducted wind shear detection experiments
using CDWL. However, there are few studies on tailwind events based on CDWL.

Beijing Daxing International Airport (BDIA) is one of the world’s largest single-
terminal airports; it recorded a cumulative passenger throughput of 150 million at the end
of January 2025. Located in the transition zone between the North China Plain and the
Taihang Mountains, BDIA's low-level wind field is influenced by both mesoscale weather
systems and local topography. Frontal activity, as one of the most typical weather systems
in mid-latitudes, usually accompanied by temperature gradients, abrupt humidity changes,
and drastic wind field variations, affects local convective activity and precipitation distribu-
tion [18]. Additionally, it directly disturbs the surface wind field through processes such as
frontal zone movement and momentum downward transport [19], serving as a key factor
triggering tailwinds. Thus, the triggering mechanism of such weather systems on local
tailwind events in airports is worth studying.

This study, based on the experiments conducted by CDWL at BDIA, combined with
ERAD reanalysis data, systematically analyzes two typical tailwind events triggered by
frontal activity in 2021. The paper is structured as follows: Section 2 describes the sources
of experimental data; Section 3 analyzes the causes of the two events from the perspectives
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of dynamic mechanisms and thermal conditions, combined with topographic analysis.
Finally, a conclusion is drawn in Section 4. If not specified, UTC time is used.

2. Data and Materials

2.1. Site and Instruments

The experiment was conducted at BDIA, China (39°29'N, 116°24'E). BDIA is lo-
cated in the northwest corner of the North China Plain, with terrain that gently slopes
from west to southeast. The region is characterized by prevailing southwesterly winds
throughout the year, with the wind direction exhibiting regional and seasonal varia-
tions. The airport features four runways, as shown in Figure 1b, with designations of
17R/35L, 17L/35R, 11L/29R, and 01L/19R. Among these, the north—south-oriented run-
ways (17R/35L, 17L/35R, and 01L/19R) are the focus of these tailwind analyses. The
CDWL employed in this experiment, as shown in Figure 1c, was installed at the location
marked by the red circle. It operates at an eye-safe wavelength of 1.5 pm, with each beam
featuring a spatial resolution of 30 m and a temporal resolution of 0.2 s. The system employs
a plan position indicator (PPI) scanning mode with a period of approximately 40 s. The
azimuth angle scanning range is set to 150-360°, which is specifically designed to fully
cover the critical airspace for takeoff and landing of BDIA’s main operational north-south
runway; this design also saves scanning time. The elevation angle ranges from 0° to 7° [20].
During the experiment, the flight crew reported sixteen tailwind exceedance events, and

this study selected two of these cases for analysis.

Figure 1. (a) Topographic map of the transition zone between the North China Plain and the Taihang
Mountains, the red five-pointed star marking the location of BDIA. (b) The runway layout of BDIA,
the red circle marking the location of CDWL. (c) Photograph of the CDWL.

2.2. ERA5 Reanalysis Data

The ERAS dataset, provided by the European Centre for Medium-Range Weather
Forecasts (ECMWF), is a global meteorological reanalysis dataset. It is generated using
advanced numerical weather prediction techniques, based on extensive observational data
and numerical weather prediction models. The ERAS5 dataset has a spatial resolution of
0.25° x 0.25° and an hourly temporal resolution. It covers multi-level atmospheric data
from the surface to high altitudes. A series of previous studies have already conducted
investigations into the usability of ERA5 reanalysis data; furthermore, ERA5 reanalysis
data is often used as a reference for evaluating the accuracy of observational data from
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radars [21-23]. This study selected reanalysis data covering the periods of 28 May 2021
and 1 July 2021, which incorporates meteorological elements such as horizontal wind
fields, temperature, humidity, and geopotential height, aiming to analyze the dynamic and
thermal causes of tailwind events.

3. Typical Excessive Tailwind Event
3.1. Tailwind Triggered by a Warm Front

Figure 2 shows the 3° elevation PPI scanning results from CDWL on 28 May 2021. At
11:40:37, BDIA is under a stable south wind of 5 m/s, with wind directions concentrated
at 180° + 3°. Horizontal wind speeds exhibited uniform distribution with relatively low
windshear. One hour later, the south wind field persisted, and wind speeds increased to
10 m/s. At 13:40:02, the mean wind speed had exceeded 12 m/s, significantly surpassing
the safety threshold of 10 kt. If an aircraft takes off or lands northward on a north—south
runway under such conditions, it will encounter a severe excessive tailwind event.
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Figure 2. (a—c) show the detection results of the CDWL in PPI scan mode at a 3° elevation angle,
recorded at different times on 28 May 2021, the arrows showing the two-dimensionally decomposed
wind field derived from radial wind velocity.

The hourly wind speed evolution characteristics in the near-surface layer of BDIA are
clearly captured in the 975 hPa wind field, as shown in Figure 3a—c. From 12:00 to 14:00,
the airport remained in a southerly wind field. As the high-wind-speed area southwest
of the airport expanded northward, the wind speed at the airport increased steadily. At
12:00, the wind speed was approximately 6 m/s; one hour later, it increased to 8 m/s,
and by 14:00, it exceeded 10 m/s. This exhibited high consistency in temporal sequence
and spatial extent with the near-surface high-wind-speed zones recorded in the results
from the CDWL, verifying the reliability of the lidar data. Figure 3d—f present the vertical
cross-section of horizontal wind speed along 116.25°E. From 12:00 to 14:00, horizontal wind
speeds increased continuously in the 900-1000 hPa layer between 37°N and 40°N. At 13:00,
a maximum horizontal wind speed of approximately 10 m/s appeared at 975 hPa. Over
BDIA (39.25°N), the wind speed at the upper level of 800 hPa is § m/s. Moving downward
to the 950-975 hPa layer, the wind speed gradually increases to 11 m/s. From 975 hPa
further downward to 1000 hPa, the wind speed decreases again. This structure matches the
vertical profile of a typical low-level jet.

To investigate the formation mechanism of the low-level jet, this study utilizes the evo-
lution characteristics of equivalent potential temperature (0.) and geopotential height field
to analyze the dynamic—thermal effects on airflow acceleration. As shown in Figure 4a—c,
the distribution of 6, forms a northwest-southeast-oriented dense band between 39°N and
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44°N. In this band, the warm moist air mass surges into the dry cold region, showcasing
a typical characteristic of a warm front zone. From 08:00 to 14:00 on 28 May, the warm
front zone continuously shifts southeastward. The strong temperature—moisture contrast
near the front provides thermodynamic conditions for the release of unstable energy and
airflow acceleration. The geopotential height field exhibits a typical configuration with
lower values in the north and higher values in the south. Tracking the evolution of contour
lines at consecutive 3 h intervals reveals that the low-pressure system moves southeast-
ward, with its dense contour zone extending synchronously southeastward. This results
in a significant enhancement of the pressure gradient between the two systems, directly
driving airflow acceleration. Meanwhile, warm moist air ahead of the warm front further
strengthens atmospheric baroclinicity through latent heat release, promoting the concentra-
tion and acceleration of airflow near the front zone and ultimately forming the low-level
southerly jet.

Based on the conditions for jet formation provided by the dynamic-thermal processes,
topographic effects are considered to further analyze their regulation of airflow. Figure 4d—f
show the superimposed 925 hPa wind field and topographic map; the arrows indicate the
actual airflow direction and speed at the 925 hPa level, with the orientation of the Taihang
Mountains constraining the jet’s flow direction. Against the synoptic system background
shown in Figure 4a—c, the initial airflow at the 925 hPa level is driven by the pressure
gradient force. Due to mountain barriers, the air flows along the eastern flank of the
mountains, forming a pattern where airflow aligns closely with the mountain orientation
from northern Henan to central Hebei. The wind direction is strictly confined to southerly—
southwesterly directions. The mountains’ continuous barrier effect further restricts lateral
airflow diffusion. This causes concentrated transport along the mountain range toward
Beijing, triggering an excessive tailwind event.

(b) 13:00 UTC (c) 14:00 UTC
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Figure 3. (a—c) show the 975 hPa wind field diagrams, the red five-pointed star marking the location of
BDIA, the arrows indicating wind direction and speed; (d-f) show the horizontal wind speed diagrams
of the vertical cross-section along 116.25°, the red dashed line indicating the latitude of BDIA.
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Figure 4. (a—c) show the 925 hPa equivalent potential temperature field and geopotential height contours,
with the letter “L” denoting the low-pressure center, “H” denoting the high-pressure center, and the red
warm front symbol denoting the position of the warm front; (d-f) show the topographic schematic of the
Taihang Mountains west of BDIA overlaid with 925 hPa wind field, the red five-pointed star marking
the location of BDIA and the arrows indicating wind direction and speed.

3.2. Tailwind Triggered by a Cold Front

Figure 5 shows the 3° elevation PPI scanning results from CDWL on 1 July 2021.
At 02:58:20, BDIA experiences primarily westerly winds; the wind speeds show uneven
distribution and remain relatively low. About two hours later, the wind direction shifts. Its
distribution scatters and speeds increase slightly. At 07:06:20, the airport’s wind direction
transitions to southerly, concentrated within 180° £ 3°. Average wind speed exceeds
10 m/s, significantly surpassing the 10 kt safety threshold. Under such conditions, a north-
ward takeoff or landing on a north-south runway would cause the aircraft to encounter an
excessive tailwind event.

The 975 hPa wind field illustrates the hourly wind speed evolution characteristics in the
near-surface layer of BDIA. As shown in Figure 6a-c, the airport was under a southwesterly
wind field at 03:00. Subsequently, the wind direction shifted due southerly. From 05:00 to
07:00, both wind direction and speed remained stable, with wind speeds exceeding 8 m/s.
Since ERAS5 provides hourly averaged data, it shows slight discrepancies with the fine-scale
wind field variations observed by CDWL, which has second-level resolution scanning.
However, the two datasets exhibit consistent trends in wind field changes.
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Figure 5. (a—c) show the detection results of the CDWL in PPI scan mode at a 3° elevation angle,
recorded at different times on 1 July 2021, the arrows showing the two-dimensionally decomposed
wind field derived from radial wind velocity.
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Figure 6. (a—c) show the 975 hPa wind field diagrams, the red five-pointed star marking the location of
BDIA, the arrows indicating wind direction and speed; (d—f) show the horizontal wind speed diagrams
of the vertical cross-section along 116.25°E, the red dashed line indicating the latitude of BDIA.

Figure 6d-f present the vertical cross-section of horizontal wind speed along 116.25°E.
From 03:00 to 07:00, the upper-level wind speed decreases, while the lower-level horizontal
wind speed increases continuously, and the high-speed zone shows a tendency to move
northward. At 07:00, over BDIA (39.25°N), the wind speed at the upper level of 800 hPa is
7 m/s. Moving downward to the 950-975 hPa layer, the wind speed gradually increases
and reaches 9 m/s. From 950 hPa further downward to 1000 hPa, the wind speed gradually
decreases again. This structure matches the vertical profile of a typical low-level jet.
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Similarly, to analyze the causes of this low-level jet, 8, distribution and geopotential
height field evolution were used to examine the dynamic-thermal effects on airflow accel-
eration. Figure 7a—c show the 925 hPa 0. shaded map overlaid with geopotential height
lines. From 02:00 to 08:00, analysis indicates this southerly excessive tailwind event was
primarily triggered by the jet ahead of the cold front. Specifically, Figure 7a—c illustrate
that 6. presents a prominent high-value zone and a low-value zone, forming a distinct
gradient band. This southwest-northeast-oriented dense band of gradient serves as the core
indicator of the cold front, which remained stationary from 02:00 to 08:00. Such stability pro-
vided a consistent thermodynamic environment for energy accumulation within the warm
sector and enhanced atmospheric baroclinicity. It also promoted convergence of warm
moist airflow ahead of the front, accumulating energy for subsequent jet development.
Concurrently, the intensification of the frontal zone caused the geopotential height lines to
be compressed and converged, which supplied dynamic sources for airflow acceleration.

(a) 02:00 UTC (b) 05:00 UTC (c) 08:00 UTC
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Figure 7. (a—c) show the 925 hPa equivalent potential temperature field and geopotential height
contours, with the letter “L” denoting the low-pressure center, “H” denoting the high-pressure center,
and the blue cold front symbol denoting the position of the cold front; (d—f) show the topographic
schematic of the Taihang Mountains west of BDIA overlaid with 925 hPa wind field, the red five-
pointed star marking the location of BDIA and the arrows indicating wind direction and speed.

In addition to these dynamic-thermal mechanisms, topographic factors further regu-
lated the airflow path. Figure 7d—f illustrate that the Taihang Mountains west of Beijing
are oriented in a northeast—-southwest direction. Under the background of pre-frontal jet
formation during 02:00 to 08:00, airflow driven by the pressure gradient was unable to
directly cross the mountains. Instead, it was forced to flow along the eastern piedmont
zone adjacent to the mountain range. The continuous barrier effect of the mountains
restricted lateral diffusion of the southerly wind, compressing its path along the eastern
mountain flank, from west Beijing to the airport vicinity. This topographic constraint
further concentrated the airflow, ultimately leading to the excessive tailwind event.
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4. Conclusions

Focusing on BDIA, the causal mechanisms of tailwind under frontal activity are in-
vestigated by integrating high-spatiotemporal-resolution wind field data from CDWL and
ERADS reanalysis data. The 28 May and 1 July 2021 events shared the same core drivers.
Frontal zone dynamics involved warm- and cold-front-enhanced pressure gradients, while
the Taihang Mountain topography constrained airflow paths to induce tailwind effects.
Meanwhile, there were differences in their formation processes. On 28 May, warm front
movement created strong temperature-moisture gradients, which thermodynamically ac-
celerated airflow. Southeastward-moving low-pressure systems strengthened the pressure
gradient. These factors drove a low-level southerly jet. The 1 July event, in contrast, re-
sulted from cold front intensification and passive pressure gradient enhancement. This
combination sustained the growth of pre-frontal southerly winds.

By integrating CDWL local monitoring with ERA5 regional system analysis, the study
reveals that COWL data precisely captured the wind field evolution. ERA5 reanalysis data
clarified the regional synoptic background of tailwinds from thermodynamic, dynamic,
and vertical structural perspectives. The high consistency between ERA5 data and CDWL
in temporal sequence and spatial extent validates the reliability of multi-source data col-
laborative analysis. This work establishes a technical paradigm for short-term tailwind
analysis. It provides references for optimizing airport operations such as dynamically
adjusting runway directions and issuing advance tailwind warnings during frontal activity.
The analysis framework combining ERA5 and CDWL data is applicable to tailwind event
studies at other airports, but specific triggering mechanisms may vary due to differences
in topography and climate. Future research may further expand to other meteorological
drivers and diverse topographic settings, integrate multi-source observation data, and
optimize tailwind warning models to improve applicability in complex environments.
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