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With accelerated urbanization, temperature inversion phenomena are becoming more prominent in 
urban atmospheric environments, playing a very important role in air quality and public health. Despite 
the widespread literature on the formation and longevity of inversions, little is understood about the 
measures to mitigate them. Filling this knowledge gap, this work examines the impact of low-level 
artificial perturbations on near-surface inversions through the use of numerical modeling. The case is 
selected from an inversion event in Urumqi at 08:00 on 19 January 2023. Numerical simulations were 
done using the Fluent fluid dynamics model and the Advanced Regional Prediction System (ARPS) 
model. The results indicate that the application of low-level perturbations can destabilize inversion 
layers, cause vertical mixing, and promote atmospheric instability. Comparative experiments with 
the two models confirm that external perturbations disrupt stability stratification, enabling exchange 
and dispersion of air and pollutants. The simulations also indicate that increased inflow wind speeds 
facilitate atmospheric turbulence, leading to increased instability and improved air quality. Specifically, 
the thickness of the inversion layer decreased by approximately 40% after two hours of disturbance, 
and after three hours the inversion was practically eliminated. The Fluent model indicates localized 
flow field changes, while the ARPS model simulates the large-scale atmospheric response. The two-
model approach provides an integrated picture of the processes for the breakdown of the inversion 
layer. The results provide new insight into the control of urban air pollution, with the implication 
that certain artificial disturbances can be employed as an effective method for the mitigation of 
temperature inversions in highly polluted cities.
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Maintaining the environment healthy is crucial for the public because it directly affects health, ecosystem 
balance, and the general quality of life1–3. Air and atmospheric conditions play a crucial role in deciding the 
quality of the air4. The deterioration of air quality is closely related to meteorological conditions, particularly 
atmospheric temperature inversions, which stabilize the atmosphere, slow down air circulation, and thereby 
inhibit the horizontal and vertical dispersion of pollutants5. Additionally, the thickness of the mixed layer is a 
crucial factor in the dilution and dispersion of air pollutants. When the mixed layer is thin, pollutants are less 
likely to disperse vertically, leading to aggravated pollution levels6,7. During near-surface inversions, wind speeds 
are generally low, further hindering pollutant dispersion. The stronger, thicker, and longer-lasting the inversion 
layer, the more severe the pollution tends to be8.

Urumqi, located in central Xinjiang and surrounded by mountains on three sides, including the northern 
slopes of the Tianshan Mountains, is particularly prone to severe inversion-related weather due to its geographical 
location. This issue becomes especially pronounced in winter when solar radiation weakens. Under valley winds, 
the layer of inversion becomes more intense9–11. During the night, the valley winds typically blow downslope 
and carry cold air to the lower regions of the city. It intensifies the cooling at the surface and makes the layer of 
inversion more intense by maintaining the air mass cooler at the surface and warmer air above it. Additionally, the 
valley wind circulation can limit the horizontal dispersion of the pollutant by confining the air mass in the valley 
structure, contributing to air pollution. Analyses of the vertical distribution of atmospheric pollutants show that 
aerosol concentrations are highest within 500 m of the ground. Studies indicate that in winter, the thickness of 
Urumqi’s surface inversion layer increases significantly, reaching its maximum in January, with values of 486 m 
at 08:00 and 510 m at 20:0012,13. The maximum thickness of elevated inversions occurs in December, with 430 m 
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at 08:00 and 380 m at 20:00, and the highest inversion altitude reaching 566 m14,15. The Report on Atmospheric 
Pollution Countermeasures in Autumn and Winter for the Urban Agglomeration on the Northern Slopes of the 
Tianshan Mountains highlights that periods of severe pollution often occur during conditions of high humidity 
and low wind speeds. When the boundary layer height is below 0.5  km, the increased water vapor content 
facilitates the local accumulation of pollutants.

Currently, research on the inhibitory effects of inversion layers on the dilution and dispersion of air pollutants 
in this region is relatively comprehensive16. However, studies on how to weaken or eliminate inversions remain 
insufficient. The majority of efforts in China, including Urumqi, have been on techniques like cloud-seeding and 
artificial precipitation, which try to modify the distribution of temperature and humidity in the atmosphere in 
order to reduce or eliminate inversion layers17,18. Although these methods claimed effectiveness under certain 
conditions, they are highly dependent on specific weather scenarios. What’s more, because of inadequate 
theoretical support and numerical simulation results, the scientific guidance for weakening or eliminating an 
inversion layer artificially is often lacking, leading to costly strategies with far-from-optimal outcomes.

This study addresses this knowledge gap by examining the impact of controlled artificial perturbations on 
dissipation in near-surface inversion layers. We utilize both the Fluent computational fluid dynamics (CFD) 
model and the Advanced Regional Prediction System (ARPS) model to investigate the impact of controlled 
perturbations on the stability and dissipation of inversions. We compare the two models to analyze the efficiency 
of artificial perturbations in enhancing vertical mixing and reducing the intensity of inversions. Results provide 
new insight into potential mitigation strategies for air pollution in cities frequently afflicted by temperature 
inversions.

Simulations play an indispensable role in the investigation of complex systems to obtain insight into 
the interaction at different space and time scales19. Numerical simulations are particularly crucial for the 
investigation of environmental and fluid dynamics problems because they can describe the vast array of physical 
processes that control such systems20,21. Several modeling approaches are required to describe the vast array 
of physical processes that control environmental and fluid dynamics22–25. A three-dimensional modeling 
framework is required to describe these interactions and their effects on the system effectively26. This research 
makes use of the coupled modeling method with Fluent and the Advanced Regional Prediction System (ARPS) 
to couple high-resolution computational fluid dynamics with large-scale atmospheric modeling. Fluent, which is 
computational fluid dynamics (CFD) software, has been used widely in meteorology to model urban wind fields 
and pollutant dispersion because it can operate at high spatial resolution. It offers several turbulence models 
for the examination of airflow characteristics, making it applicable to the investigation of the disturbance of 
the inversion layer. It is, however, lacking in the inclusion of large-scale atmospheric processes because Fluent 
is used mainly for industrial fluid dynamics. On the other hand, the Advanced Regional Prediction System 
(ARPS) model, which was created to model mesoscale and microscale weather, gives a wider atmospheric view, 
including storm and boundary layer dynamics. This research combines the two models with the view to taking 
advantage of the strengths of the two methods to investigate the efficiency of artificial disturbance in breaking 
the near-surface inversions.

On the other hand, the Advanced Regional Prediction System (ARPS), developed by the Center for Analysis 
and Prediction of Storms at the University of Oklahoma, is a non-hydrostatic atmospheric numerical prediction 
model with the capability of full-scale storm prediction. ARPS integrates real-time data assimilation systems, 
forward integration forecast models, and post-processing modules, making it suitable for high-resolution 
numerical simulations at the meter scale. The model has been widely applied in fields such as hailstorms, 
thunderstorms, heavy rainfall, and atmospheric pollution. By incorporating simplified surface parameterization 
schemes, the simulation capabilities of ARPS in urban boundary layers have been significantly enhanced27. 
Whereas ARPS addresses large-scale atmospheric responses to cities, it does not explicitly address small-scale 
details. It addresses them indirectly by employing parameterizations for the urban canopy to make an estimation 
for the overall impact of buildings on airflow and turbulence. This deficiency necessitates the coupling with 
Fluent, which provides finer-resolution simulation to address fine-scale city airflow and mixing processes. For 
the context of this research, the introduced low-level perturbations interact with such flow structures by altering 
the pressure gradients and enhancing the mixing due to the turbulence. Wake vortices and canyon recirculations 
modulate the propagation of artificial disturbance in the urban boundary layer, modulating the dissipation of the 
inversion layer. Vertical mixing is augmented by the interaction with such vortices and the external disturbance, 
which enhances the pollutant dispersion and reduces the stability of the inversion. Another study used aircraft 
load factor equations to do a flight numerical simulation after simulating the wind field needed for airflow 
over mountainous terrain using ARPS. According to the study, airplanes experienced clear-air turbulence as 
a result of the wind shear critical layer fragmenting and the gravity waves created by airflow passing over the 
mountains creating strong turbulence in the troposphere. Aircraft takeoff and landing were also impacted by 
low-altitude turbulence, leeward rotor circulations, and strong downslope winds that developed on the leeward 
side of the mountains. In order to improve turbulence prediction and flight weather safety, this study uncovered 
the physical process causing aircraft turbulence when flying in leeward atmospheric turbulence. However, 
there is still a lack of research on how these models simulate and reproduce flow field disturbances or inversion 
layers. Whereas Fluent is better suited for industrial fluid dynamics analysis, ARPS concentrates on simulating 
mesoscale and microscale weather systems. Each model is able to succeed in its own field because of this scale 
disparity. While Fluent concentrates on fluid flow and heat and mass transfer, ARPS prioritizes atmospheric 
dynamics, thermodynamics, and microphysical processes when it comes to simulating physical processes. 
Urban surface forcing and boundary layer interchange are involved in lower-layer disturbances, and the process 
of inversion layer disruption cannot be well captured by Fluent or ARPS alone. Consequently, in order to do 
comparative analysis and study the mechanisms underlying inversion layer evolution, combined simulations 
utilizing both models are required. Application of both models in a combined way allows the performance of 
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cross-scale simulations-from micro-scale fluid dynamics to macro-scale atmospheric environments-and fills the 
gaps left by using any one model in simulating complex atmospheric phenomena. Highly precise fluid simulation 
by Fluent captures the subtle flow characteristics under those complicated meteorological conditions, such as 
inversion layers, while ARPS provides its wider atmospheric background and boundary conditions. Due to the 
integration of the two models, the results of the simulation are closer to realistic situations, hence increasing the 
accuracy and reliability for these simulations.

This work investigates an inversion phenomenon in Urumqi with the occurrence of strong stability, light 
surface winds, and thick layering—conditions characteristic for the winter period, hence typical for the common 
winter inversions in the region. It also examines the impact of low-level artificial perturbations on near-surface 
inversions through the application of numerical modeling. This research will be based on both the Fluent and 
ARPS models in an attempt to compare the two models with the purpose of validating each other’s simulation 
results and finding out how consistent these two models can be. It’ll seek, through dual simulations, to ascertain 
whether artificial disturbances can effectively knock down the inversion layer and enhance atmospheric 
instability to support regional air pollution control.

Data and methods
The Fluent model uses real-time radiosonde data from the Urumqi Meteorological Station at 08:00 on January 
19, 2023, as the initial field, aiming to closely replicate actual conditions in the simulation experiment. Figure 1 
displays the radiosonde data from the Urumqi National Meteorological Reference Station at 08:00 on January 19, 
2023, with the blue line representing the temperature profile. The near-surface air temperature was − 20.4 °C (at 
an elevation of 936 m), and it increased to − 18.2 °C at a height of 28 m, then to − 12.9 °C at 163 m, and further 
rose to − 9.5 °C at 293 m. The highest temperature of the inversion layer occurred at 490 m, reaching − 7.8 °C.

Before conducting the simulation, it is necessary to perform a sensitivity analysis on key parameters such as 
physical properties and boundary conditions. After multiple simulations, the optimal parameter combination 
was determined to refine the simulation setup and improve the accuracy of the results. Therefore, selecting 
appropriate simulation time, region, and parameters, along with conducting sensitivity analysis, is a crucial 
step in designing Fluent simulation experiments. For the sake of precision, this process included the systematic 
adjustment of simulation parameters in line with observed atmospheric conditions, literature research, and expert 
recommendations. Sensitivity tests were performed to experiment with the influence of different turbulence 
models, grid resolutions, and inflow wind conditions on simulation stability and precision. Meanwhile, the 
ARPS model utilizes the NCEP GFS forecast field from the United States to generate background fields and 
boundary conditions.

In this study, the Realizable κ − ε turbulence model was employed, which is a two-equation turbulence 
model specifically designed for simulating turbulent phenomena in computational fluid dynamics (CFD). 
The Realizable κ − εmodel improves upon the standard κ − ε model by considering the effects of shear and 
rotational flows while maintaining a structure similar to the traditional κ − ε model. This equation is suitable 
for various complex turbulent flows. The transport equations are as follows:

Fig. 1.  Temperature variation with height and pressure (the blue line represents the temperature profile).
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In the Realizable k−ε turbulence model, the variables in the transport equations represent different physical 
properties of the turbulent flow. Ρ is the air density, k is the turbulent kinetic energy, and ε is the turbulence 
dissipation rate. uj​ represents velocity components in different directions, while Pk​ is the production term due to 
mean velocity gradients, and Pb​ accounts for the generation term due to buoyancy. The constants C1​ and C2​ are 
model coefficients, ν denotes the kinematic viscosity, and S represents the strain rate effects. Compared to the 
standard k−ε model, the Realizable k-ε model accounts for more physical effects, making it more reliable and 
accurate across a wider range of flow situations. It has been widely applied in fields such as fluid mechanics and 
environmental fluid dynamics to address complex turbulent problems.

Where Pij−jrepresents the production term due to mean velocity gradients, Gkrepresents the generation 
term due to buoyancy, and Bk  represents the strain rate generated by production, which indicates the strain 
rate due to the production effect. These terms vary depending on the specific flow conditions and need to be 
determined by solving the transport equations. Compared to the standard κ − ε model, the Realizable κ − ε 
model accounts for more physical effects, making it more reliable and accurate across a wider range of flow 
situations. It has been widely applied in fields such as fluid mechanics and environmental fluid dynamics to 
address complex turbulent problems.

ARPS Model Governing Equations:

	 x1 = x0 + r cos (α) , y1 = y0 + r sin (α)� (3)

	 u (x1, y1) = u0 (x1, y1) − v sin [180 + (90 − α)]� (4)

	 v (x1, y1) = v0 (x1, y1) − v cos [180 + (90 − α)]� (5)

.
In this system, the coordinates of the wind tower are x0, y0, (xi, yi), i = 1...5, and the wind turbine 

coordinates are
In this system, the coordinates of the wind tower arex0, y0, and (xi, yi), where i =1…5, represent the 

coordinates of the wind turbines. r is the radial distance from the wind turbine to the center of the wind tower, 
vis the wind speed at the turbine, and αis the rotational angle.

Fluent model simulation setup
To generate the three-dimensional data required for Fluent simulations, second-by-second radiosonde data from 
the Urumqi National Reference Station was utilized to create a 3D grid that includes temperature, humidity, 
air pressure, and wind speed information. The Fluent simulation domain, covering a 1  km × 1  km area, is 
positioned near the center of the ARPS simulation domain, corresponding to an urban region within Urumqi. 
The simulation domain was set as a cuboid with dimensions of 1000 m in length, 1000 m in width, and 600 m in 
height. The grid resolution was defined as 100 × 100 × 60, with a spatial resolution of 10 m×10 m×10 m. A three-
dimensional model was employed in this study, where the grid was divided into two parts: an external fixed 
grid region and an internal rotating grid region, yielding a total grid count of approximately 12 million cells. 
The simulation used the standard Realizable κ − ε turbulence model. For the wind column motion, the sliding 
mesh method was applied. The ground was set as a no-slip fixed boundary, while the pressure outlet boundary 
condition at the top was defined by a user-defined function (UDF). Similarly, the temperature at the top was also 
set using a UDF. The side pressure and temperature variations were configured through UDF files, which allowed 
for defining the variation of pressure and temperature with height. The internal grid region was set to rotate at 
a speed of 0.75 RPM. The simulation time step was 0.01 s, with the possibility of increasing the time step after 
the simulation stabilized. All simulations were performed using second-order accuracy, covering turbulence 
parameters and the energy equation. Although the individual buildings were not explicitly solved here, they 
would have the potential to greatly influence the surface turbulence, alter the wind patterns, and modify the 
disturbance propagation. Building-resolving simulations in the future can provide more insight into such effects.

ARPS model simulation setup
The center coordinates of the ARPS simulation domain were set to (43.783° N, 87.65° E), using Lambert map 
projection with a resolution of 500 m. The horizontal grid consisted of 363 × 363 points, and the vertical grid had 
53 layers with a vertical resolution of 500 m. The background field and lateral boundary conditions were generated 
from the NCEP GFS (Global Forecast System) forecast field. The initial model time was set to 08:00 on January 
19, 2023 (Beijing time), with an integration time step of 0.8 s and a total integration period of 24 h. The terrain 
and land surface data had a resolution of 30 arc seconds (approximately 900 m). The physical schemes employed 
included the Lin ice-phase cloud microphysics scheme, atmospheric radiation transfer parameterization, and the 
1.5-order TKE turbulence mixing parameterization scheme28. To generate the three-dimensional data required 
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for the ARPS model, wind fields, temperature fields, equivalent potential temperature, vertical velocity, vertical 
temperature gradient, and the radial component of vertical circulation were extracted and calculated from the 
NCEP GFS data29. The ARPS model employed a 17 × 17 km square grid at the surface, and the simulation height 
extended up to 3 km.

Model validation
For the verification of the reliability of the simulation result, the simulated temperature and wind field profiles 
were validated against the observed radiosonde records at the Urumqi National Meteorological Reference 
Station. Sensitivity tests were also conducted to test the stability of the model for varying disturbance conditions. 
The result demonstrated excellent agreement between the simulation and observation, confirming the reliability 
of the numerical method in simulating the properties of inversions and the disturbance effects.

Simulation results analysis
Fluent model results analysis
In the Fluent model, temperature, air pressure, and humidity from the radiosonde data were introduced as the 
initial field. As shown in Fig. 2, the inversion layer in Urumqi is not horizontally uniform across the region, 
and the thickness of the inversion layer varies in different areas. Overall, the trend of temperature change with 
height remains consistent. In this sensitivity experiment’s simulated atmosphere, the temperature lapse rate is 
relatively high, the air motion remains steady, and the atmospheric layer is overall stable. The vertical stability of 
the atmosphere plays a crucial role in the dispersion and transport of air pollutants within the atmospheric layer.

The presence of the inversion layer leads to cold air near the surface being trapped under warmer air aloft, 
forming a stable stratified structure. However, when a disturbance is introduced at the base of the inversion layer, 
this stable structure begins to break down. The disturbance causes an exchange between the surface cold air and 
the warmer air above, leading to atmospheric instability. This increase in instability promotes the diffusion of 
vertical motion, which also enhances horizontal dispersion, as illustrated in Fig. 3a.Under the framework of the 
Realizable κ − ε  turbulence model, the effect of this disturbance on the stable atmospheric structure can be 
explained using the transport equations for turbulent kinetic energy κ and turbulent dissipation rate ε. When the 
disturbance occurs, the turbulent kinetic energy κ starts to increase, indicating an enhancement of the turbulent 
motion within the fluid. Simultaneously, the dissipation rate ε changes, reflecting the dissipation of turbulent 
energy over time and space. During the disturbance of the inversion layer, the increase in turbulent motion 
allows for more effective mixing between the cold surface air and the warmer air aloft. This mixing process not 
only alters the temperature distribution in the atmosphere but also affects the density and pressure distributions. 
As the disturbance progresses, the structure of the inversion layer gradually breaks down, as shown in Fig. 3b. At 
this point, the warmer air above funnels downward, mixing intensely with the colder air below. In the Realizable 
κ − ε model, the turbulent viscosity µtis related to both κand ε, reflecting the impact of turbulence on fluid flow. 
During the disturbance of the inversion layer, the increase in turbulent viscosity enhances the frequency and 

Fig. 2.  Temperature variation with height. The vertical axis represents altitude (m), and the blue line shows 
the temperature profile. The sky-blue marker indicates the radiosonde measurement point, while the shaded 
section highlights the core of the inversion layer.
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efficiency of momentum exchange between fluid particles. This momentum exchange facilitates the diffusion 
of vertical flows and intensifies horizontal dispersion, further accelerating the breakdown of the inversion layer.

Furthermore, the model constants (such as C1ε, C2εandC3ε) and the turbulent Prandtl numbers (such as σκ, 
σε) in the Realizable κ − ε model are critical to the accuracy of the simulation results. These parameters must 
be optimized based on experimental data and theoretical analysis to ensure that the model accurately reflects the 
physical phenomena in the actual flow process.

The disturbance at the base of the inversion layer causes cold air near the surface to diffuse outward, which 
triggers a compensating downward flow of warm air from the upper atmosphere. A low-pressure zone forms at the 
wind turbine platform, allowing warm air from above to flow into this low-pressure area, while the surrounding 
high-pressure zones are unable to continue expanding outward. This results in an upward motion, forming 
small-scale circulations. As shown in Fig. 4, the velocity streamlines from the Fluent simulation illustrate both 
vertical and horizontal velocity components two hours after the disturbance. Analyzing the streamlines reveals 
that the disturbed flow aligns with the initial sensitivity experiment design, where the fluid streamlines change 
after the disturbance. The streamline results indicate that the application of external pressure causes the air to 
first diffuse outward, then move upward, and eventually converge toward the center. By artificially increasing the 

Fig. 4.  Velocity streamlines after 2 h of disturbance. The vertical axis represents altitude (m). Thicker 
streamlines indicate stronger velocity fields, illustrating the impact of artificial disturbances.

 

Fig. 3.  Effect after two hours of disturbance (a), effect after three hours of disturbance (b). The vertical axis 
represents altitude (m). Shaded areas indicate regions of intensified turbulence, leading to inversion weakening.

 

Scientific Reports |        (2025) 15:21568 6| https://doi.org/10.1038/s41598-025-05089-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


disturbance, larger vortices are formed, which leads to the breakdown of the stable inversion layer. This process, 
examined through sensitivity experiments involving the breakdown of the inversion, further reveals the patterns 
and evolution of the disturbed streamlines.

ARPS model results analysis
The forecast field data from the NCEP GFS (Global Forecast System), released at 08:00, was used as the initial 
condition for the ARPS model. As shown in Fig. 5a, a significant inversion phenomenon was observed over 
Urumqi, forming a “thermal bubble” that covers the urban area. The inversion layer can be viewed as a “thermal 
bubble” floating on top of a stable atmosphere, with its highest temperature point located approximately 300 to 
500 m above the city. Above 600 m, the atmosphere becomes unstably stratified. For computational efficiency, 
the top height of the Fluent model’s three-dimensional simulation was set to 600 m, while the ARPS model’s 
top was set to 3 km. A clear inversion layer exists above the city, while other regions exhibit unstable stratified 
air. The inversion region extends 12 km from north to south, with a height ranging from the ground to 600 m. 
The airflow primarily consists of downslope winds, and no significant updrafts or downdrafts were observed, 
as shown in Fig. 5b. The method used to introduce ground-level disturbances in the ARPS model is identical 
to that in the Fluent model, and sensitivity tests were conducted to explore the feasibility of introducing wind 
disturbances in Urumqi to break the inversion layer and mitigate pollution.

Fig. 5.  Meridional-vertical distribution of the initial temperature (a) and meridional-vertical circulation at the 
initial time (b).
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After introducing the disturbance at the lower level, observations over a two-hour period revealed the 
distribution of vertical velocity in the meridional and vertical directions, as shown in Fig.  6a. A significant 
downdraft appeared above the disturbance area, with a downward velocity of − 3 m/s at around 400 m above 
the disturbance center. A downdraft was also observed on the left side of the disturbance, with velocities of 
-4 m/s between the altitudes of 1000 m and 500 m, extending 5 to 6 km horizontally. The maximum downdraft 
velocity reached 5.68 m/s. Additionally, on the right side of the disturbance, at heights of 2000 m to 800 m 
and a distance of 5 to 6 km, a downdraft of -3 m/s was observed, indicating that the range of airflow exchange 
caused by the disturbance exceeded expectations. This phenomenon is consistent with the Fluent simulation 
results, and the range of airflow exchange significantly expanded, with upper-level warm air moving downward. 
After three hours of observation, Fig. 6d shows that the maximum downdraft above the disturbance decreased 
to − 2.77 m/s, and the downdraft had almost reached the surface. This was accompanied by noticeable updrafts 
on both sides, with vertical velocities exceeding 1 m/s, forming the anticipated small-scale circulations. These 
results are consistent with the Fluent simulations, indicating a significant enhancement in the exchange of air 
between the upper and lower layers.

The temperature distribution in the meridional and vertical directions after 2 h of disturbance (see Fig. 6b) 
shows that the inversion phenomenon had significantly weakened, and the stability of the stratification had 

Fig. 6.  shows the meridional-vertical distribution of vertical velocity after 2 h of integration (a), the 
meridional-vertical distribution of temperature after 2 h of integration (b), the meridional-vertical distribution 
of vertical velocity after 2 h of integration (c), the meridional-vertical distribution of temperature after 3 h 
of integration (d), the meridional-vertical distribution of temperature after 3 h of integration (e), and the 
meridional-vertical distribution of vertical velocity after 3 h of integration (f).

 

Scientific Reports |        (2025) 15:21568 8| https://doi.org/10.1038/s41598-025-05089-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


decreased. Compared to the initial temperature distribution in Fig. 5a, the inversion layer was nearly destroyed, 
and the vertical velocity distribution was consistent with the temperature distribution. After three hours, 
Fig.  6e shows that the inversion had almost completely disappeared, and the instability of the stratification 
increased. Compared to the temperature distribution in Fig.  6b, the inversion layer was further destroyed, 
with the temperature and vertical velocity distributions remaining consistent. In the ARPS model, the mass 
conservation equation (continuity equation) decomposes the wind velocity vector v into two components, u and 
v. By calculating these components at different angles, the variations in various physical quantities were derived.

After 2 h of disturbance, the meridional-vertical circulation distribution in Fig.  6c shows a clear, strong 
downdraft within the disturbed region, accompanied by a significant updraft on the left side. Compared to 
the initial meridional-vertical circulation distribution (Fig. 5b), significant changes occurred, and the region 
affected by the simulated disturbance was much larger than that in the Fluent simulation. After 3 h, Fig. 6f shows 
the formation of a clear downdraft in the disturbed region, with a maximum downdraft velocity of 2.77 m/s. 
Clear updrafts were also observed on both sides, forming another small-scale circulation. Compared to the 
initial meridional-vertical circulation distribution (Fig. 6b), there are considerable differences.

Conclusion
This study simulates the breakdown of the inversion layer by applying disturbances at its base, aiming to provide 
scientific evidence for artificially mitigating inversions and reducing air pollution. The main conclusions are as 
follows:

	1.	 Disturbances at the base of the inversion layer promote the exchange between the cold air near the surface 
and the warm air above. Both the Fluent and ARPS model results show that the alternation of cold and 
warm air enhances atmospheric instability. The vertical diffusion of air flow promotes horizontal diffusion, 
with the cold surface air spreading outward and the warm air aloft sinking. The intensity and thickness of 
the inversion layer gradually decrease and are ultimately destroyed. As surface air heats up, atmospheric 
instability increases, allowing for free exchange between the upper and lower layers. In the Fluent model, the 
disturbance influences an area with a diameter exceeding 1 km.

	2.	 Setting an inflow point at the center of the grid, with outflow points around it, combined with dynamic 
disturbances, effectively enhances the diffusion of turbulent energy. If the inflow wind speed is assumed to 
increase, the transport capacity of the wind field would also strengthen, intensifying turbulence in the atmos-
phere and further increasing atmospheric instability. The airflow fields obtained from numerical simulations 
provide a useful approach for air pollution control.

	3.	 The combined simulation using Fluent and ARPS models provides a more comprehensive understanding of 
the inversion layer breakdown process, offering new insights into the physical processes within the atmos-
pheric boundary layer. This joint simulation approach not only helps address specific atmospheric environ-
mental issues but also advances fundamental research in atmospheric science. The Fluent κ − ε turbulence 
model and ARPS model used in this study did not consider favorable factors such as solar radiation and 
valley winds. If these factors were included, the simulation outcomes and the extent of the affected area 
might be more accurate. As urban development and population growth continue, relying solely on energy 
conservation and emission reduction may not achieve the balance between air pollution control and rapid 
economic growth.

Fig. 6.  (continued)
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	4.	 Both the Fluent and ARPS models effectively demonstrate the role of lower-level disturbances in breaking 
the inversion layer. The initial field in the Fluent model was derived from radiosonde data, while the ARPS 
model used NCEP GFS (Global Forecast System) 00-hour forecast data for the initial field. The analysis of 
the simulation results indicates that dual simulations confirm that introducing artificial disturbances can 
effectively destroy the inversion phenomenon and enhance atmospheric instability.

These findings suggest that artificial perturbations can be used effectively to suppress or annihilate temperature 
inversions in cities with severe air pollution. Compared to traditional methods like cloud-seeding and artificial 
precipitation, which are greatly reliant on favorable meteorology, the imposition of mechanical turbulence 
provides more reliable and manipulatable means to suppress the influence of inversions. Additionally, the 
findings here add to the overall understanding of the dynamics of the atmosphere in cities and the role played by 
mechanical mixing to improve the air quality.

Limitations and Future Outlook: This study employed independent simulations of two models. In the future, 
coupled simulations will be necessary to more comprehensively reproduce the interaction between lower-level 
disturbances and the destruction of inversion layers. In particular, future research should focus on analyzing 
the depth and extent of inversion breakdown after a certain period of disturbance, especially at the urban scale. 
Given that urban scales typically range from tens of kilometers, it is essential to explore the effects of the intensity 
and number of local disturbances on improving pollution dispersion at the urban scale.

Data availability
All data generated or analysed during this study are included in this published article.
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