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Abstract Atmospheric turbulence is a key meteorological factor influencing the diffusion of urban near‐
surface air pollution. The turbulence energy spectrum characterizes the distribution of turbulent kinetic energy
(TKE) across different eddy scales, with the total energy affecting the diffusion coefficient and pollutant
dispersion. Current methods for calculating TKE are sensitive to the temporal resolution of wind speed data, and
the limited sampling frequency of instruments is much lower than the dissipation scale. Thus, the high‐
frequency turbulence energy is missed, and the total TKE is underestimated. To address this issue, this study
used high (∼10 Hz) and low (∼0.05 Hz) frequency wind observations from the Beijing 325‐m meteorological
tower to assess how sampling frequencies impact TKE calculations. The − 5/3 law of the turbulence spectrum
was applied to estimate the relationship between observed and theoretical total TKE, and a parameterization
scheme was completed. Results showed that the underestimation due to sampling frequency limitations ranges
from 10% to 37%, with higher proportions during night and winter. Then a correction factor (HTMC) was
incorporated into the BouLac PBL scheme in WRF‐Chem. Sensitivity simulations of a heavy haze event in
Shenyang were set. The experimental group (EXP) showed lower concentrations of PM2.5 near the surface and
higher in higher altitudes than those in control group (CTR) during night, indicating stronger vertical turbulent
transport. The concentrations in EXP better match observations, with simulation bias reduced from 23.77% to
6.18%. This work provides new insights into urban turbulence transport mechanisms and benefits to
improvements in air quality forecasting.

Plain Language Summary Atmospheric turbulence influences the diffusion of urban near‐surface
air pollution in cities and surrounding areas. However, current methods for calculating atmospheric turbulent
kinetic energy (TKE) miss the high‐frequency turbulence, leading to the underestimation of high‐frequency
TKE, which in turn affects atmospheric pollution forecasts. Using high‐ and low‐frequency wind data from a
Beijing meteorological tower, it is found that the limited sampling frequency leads to missing 10%–37% of
TKE, especially during night and winter. To improve prediction accuracy, a correction factor was added to the
BouLac scheme inWRF‐Chem, which significantly improved the simulated TKE andKm. The bias of simulated
PM2.5 concentration reduced from 23.77% to 6.18%. This research helps understanding how turbulence affects
air pollution near the surface and provides insights for better air quality forecasting.

1. Introduction
Atmospheric turbulence is a crucial physical mechanism influencing the dispersion and transport of urban low‐
level air pollutants (Huszar et al., 2020; Li et al., 2023; Wei et al., 2018; Zhong et al., 2018). Turbulent Kinetic
Energy (TKE) directly affects the atmospheric turbulence diffusion capacity, playing a significant role in the
migration, diffusion, and spatiotemporal distribution of pollutants (Li et al., 2021; Liu et al., 2018; Ren, Zhang,
Wei, Wu, Cai, et al., 2019). Studies have shown that TKE and the turbulence diffusion coefficient (Km) exhibit
similar vertical distributions during both day and night. As TKE increases, Km also increases, meaning that the
atmospheric diffusion capacity strengthens with the increase in TKE (Kim et al., 2023). During the development
and accumulation of heavy pollution events, turbulence energy is typically low, leading to a lower atmospheric
boundary layer height, poorer diffusion capacity, and the accumulation of pollutants near the surface. As TKE and
atmospheric diffusion capacity gradually increase, pollutant concentrations decrease until the pollution event
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subsides (Q. Li et al., 2020; Ren, Zhang, Wei, Wu, Liu, et al., 2019; Zhao et al., 2020). Therefore, accurately
calculating TKE and Km is essential for simulating the spatiotemporal distribution of near‐surface air pollutant
concentrations in air quality modeling.

Atmospheric turbulence exhibits self‐organization, meaning that large‐scale turbulent eddies naturally break
down into smaller‐scale vortices, with energy being transferred from larger to smaller scales in a process known
as the energy cascade (Dong et al., 2020; Josserand et al., 2017; Vassilicos, 2015). However, under the influence
of thermal gradients, an inverse cascade process may also occur, in which small‐scale turbulent eddies transfer
energy to larger scales (Obukhov, 1971; Zilitinkevich et al., 2013). In the above process, the smallest scale of
turbulence, known as the dissipation scale, is determined by both atmospheric viscosity and the turbulence
dissipation rate. Below this scale, turbulent energy is dissipated by air viscosity and converted into internal energy
(Bodini et al., 2019; Mccaffrey et al., 2017). The spatiotemporal distribution of urban TKE is influenced by the
urban low‐level thermodynamic and dynamic mechanisms, exhibiting significant spatial and temporal hetero-
geneity (Y. Liu et al., 2023; Lv et al., 2021). In urban canyons, the complex distribution of buildings and other
surface features increases surface roughness, resulting in more intense atmospheric shear and promoting the
generation of mechanical turbulence (Li & Katul, 2022). Aliabadi et al. (2021) further quantified the budget of
turbulence kinetic energy and heat in the urban roughness sublayer, confirming that shear‐induced turbulence
generated by mechanical processes within street canyons, as well as its vertical transport within the boundary
layer, plays a critical role in turbulence and heat exchange. At the same time, the intense anthropogenic heat
release in urban areas creates a more complex and heterogeneous thermal distribution compared to natural
surfaces, enhancing atmospheric buoyancy and promoting the generation of thermal turbulence (Heinl
et al., 2015; Xu et al., 2024). These factors together lead to a more active generation and energy cascade process of
near‐surface urban atmospheric turbulence, with greater instability and higher TKE, compared to natural surfaces
(Krayenhoff et al., 2015; Monnier et al., 2018).

The turbulence parameterization schemes widely used in current mesoscale atmospheric models are typically
based on the first‐order closure model (e.g., K‐theory) (Holtslag & Boville, 1993; Pielke & Mahrer, 1975), the
1.5‐order closure model (e.g., K‐l and K‐ε models) (Chiravalle, 2006; Martilli et al., 2002; Wu et al., 2024), or
higher‐order closure model (Nakanishi & Niino, 2009; Shi et al., 2021; Wu et al., 2024). These schemes
parameterize turbulent fluctuations, turbulence structure, and turbulent energy by using mean meteorological
variables such as wind speed and temperature. On one hand, these schemes are more suitable for horizontally
homogeneous surfaces and stable or neutral atmospheric stratification due to the assumptions of the mathematical
and physical models (Ma et al., 2024; Zhang et al., 2024). In particular, the direct application of these methods to
urban street canyons, which are influenced by complex, heterogeneous building and canyon canopy structures
that lead to a more dynamic turbulence energy cascade process, may not be entirely appropriate (Barlow, 2014;
Yao et al., 2024). On the other hand, studies have shown that TKE derived from different sampling frequencies
exhibits significant differences in both intensity and energy spectrum distribution (Acosta et al., 2024; Xian, Luo,
et al., 2024). It is particularly significant in deriving urban near‐surface TKE, where it is characterized by spatial
heterogeneity in surface geometric structure and thermodynamic properties (Kit et al., 2017; Theuerkauf
et al., 2011). This difference is likely attributable to the inadequate consideration of small‐scale turbulent eddies
during observational sampling, resulting in an underestimation of high‐frequency TKE contributions to the total
energy spectrum. However, previous turbulence parameterization schemes have not sufficiently considered this
mechanism, leading to underestimation in the simulation of TKE and Km (Honnert, 2019; Honnert et al., 2021;
Xian, Luo, et al., 2024), which in turn affects the accuracy of simulating the near‐surface atmospheric pollutant
dispersion at nighttime (Du et al., 2020; Wang et al., 2021). Recent studies have tried to improve the underes-
timation of TKE and Km by adjusting the description of turbulence length scales (Huang & Peng, 2017; Shao
et al., 2024), modifying the minimum value of the Km (Du et al., 2020; Wang et al., 2021), and increasing model
resolution (Xu et al., 2021). Despite this, significant improvements are still needed (Du et al., 2020; Jia
et al., 2021; Wang et al., 2021).

To address the above‐mentioned issues, this study first utilized high‐frequency (10 Hz, by ultrasonic anemometer)
and low‐frequency (0.05 Hz, by cup anemometer) wind speed data sampled at 47, 80, and 140 m heights of the
Beijing 325 m meteorological tower. The observed TKE of two different cutoff frequencies was calculated, and
the differences between these data at various heights and temporal scales were analyzed. Furthermore, the
theoretical full‐spectrum TKE was estimated by using the − 5/3 law of the turbulence energy spectrum, and the
quantitative relationship between TKE derived from different sampling frequencies and the theoretical full‐
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spectrum TKE was compared, with a focus on its diurnal hourly variations and seasonal changes. Based on this
quantitative relationship, a parameterization scheme was introduced into the Bougeault‐Lacarrere (BouLac) PBL
scheme of the WRF‐Chem model, thereby improving the ability of the scheme to simulate the TKE and Km.
Finally, the effects and mechanisms of high‐frequency turbulent kinetic energy on near‐surface turbulence
diffusion strength, vertical transport of atmospheric pollutants, and concentration distribution in urban areas were
verified by comparing the simulation results of the experimental and control groups in the WRF‐Chem model, as
well as by comparing them with observed data of near‐surface urban air pollutant concentrations.

2. Data, Methods, and Model
2.1. Description of Observational Data

The wind speed data used in this study for the assessment of high‐frequency turbulent kinetic energy as a per-
centage of total TKE was obtained from the 325‐m meteorological tower of the Institute of Atmospheric Physics,
Chinese Academy of Sciences (39.96°N, 116.36°E). The heights of the buildings surrounding the tower range
from 10 to 80 m, with the tallest building located about 100 m to the south of the tower. The tower is equipped
with 15 observation platforms, located at heights of 8, 15, 32, 47, 65, 80, 100, 120, 140, 160, 180, 200, 240, 280,
and 320 m. Each platform is equipped with cup anemometers (010C, Metone, USA) with the sampling frequency
of 0.05 Hz and the wind speed resolution of 0.1 m s− 1. Additionally, three‐dimensional ultrasonic anemometers
(Windmaster Pro, Gill, UK) with the sampling frequency of 10 Hz and the wind speed resolution of 0.1 m s− 1

were installed on the 47‐m, 80‐m, and 140‐m platforms (Chen et al., 2018; L. Liu et al., 2023; Shi et al., 2019).
The high‐frequency and low‐frequency turbulence data used in this study were collected from the ultrasonic
anemometers and cup anemometers at the aforementioned heights, respectively. The analysis periods cover 30
January 2015, to 2 March 2015 (Julian days 30–62) and 4 July 2018, to 12 August 2018 (Julian days 186–225),
representing winter period (W period) and summer period (S period) climatic conditions, respectively, to
investigate the diurnal and seasonal variations of high‐frequency and low‐frequency turbulence energy.

In this study, hourly observations of the meteorological variables, such as near‐surface wind speed, near‐surface
temperature and atmospheric boundary layer height, and the air pollutant concentration, such as PM2.5 and NO2

concentrations, were applied in the numerical cases for the validation of the improvement of the turbulence
scheme. Among them, the near‐surface PM2.5 and NO2 concentrations in Shenyang were obtained from the
Liaoning real‐time air quality publishing system (http://211.137.19.74:8089/). The Thermo Fisher Scientific
(USA) instruments: 5030i‐DHVAA PM2.5 Analyzer and 5014i Beta Attenuation Particulate Monitors were used
to measure the concentrations at 11 monitoring stations in Shenyang, and then the average of hourly data from
different stations was used in this study. The instruments continuously recorded hourly‐resolved mass concen-
trations of PM2.5 (μg m

− 3), with data streams transmitted to a central server via Ethernet‐based remote telemetry.
To ensure measurement integrity, we implemented a rigorous quality assurance protocol: Monthly calibrations
using NIST‐traceable reference filters were conducted, while real‐time environmental interference was mitigated
through integrated correction systems (Dynamic Heating System for the 5030i‐DHVAA and Humidity Control
Module for the 5014i). For the limited communication interruptions observed (<3% of total data), values were
reconstructed using linear interpolation from adjacent stations. The hourly mean wind speed (WS) and near‐
surface temperature (T) were from the national weather stations. A more detailed description of the observa-
tional setup and site information can be found in Li et al. (2017).

Meanwhile, the vertical profiles of PM2.5 concentrations were measured by a laser particle matter sensor
(Plantower PMS‐5003T, China), with the detection resolution and range of 1 μg m− 3 and 0–500 μg m− 3,
respectively. The sensor was attached to an observation balloon. The balloon was released from the balloon‐
sounding station (41.68°N, 123.42°E) in Shenyang at 02:00, 08:00, 14:00, and 20:00 local time (LT). Detailed
information on the laser particle matter sensor and the balloon sounding station can be found in Li et al. (2019).

In this study, the observed atmospheric boundary layer height (ABLH) is estimated using the bulk Richardson
number (Ri) approach, as proposed by Vogelezang and Holtslag (1996), which utilizes the vertical profiles of
potential temperature and wind speed from observations.
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Ri(z) =
(

g
θvs
)(θvz − θvs) (z − zs)

(uz − us)
2
+ ( vz − vs)

2
+ bu∗

2
(1)

Here, z and s denote the height above the ground and the surface, respectively. g refers to the gravitational ac-
celeration, θv is the virtual potential temperature, u and v represent the components of wind speed, u∗ is the friction
velocity near the surface, and b is a constant. Since bu∗ is significantly smaller compared to the wind shear term, it
can be reasonably neglected. In this approach, the ABLH is defined as the lowest level at which the Ri reaches a
critical threshold. Based on previous studies (Guo et al., 2016; Huo et al., 2021), this critical value is set to 0.25 in
this study.

The simulation cases in this study employed the BouLac PBL scheme, which is a local closure scheme of 1.5th
order. In this scheme, the ABLH is diagnosed using a threshold of turbulent kinetic energy; specifically, ABLH is
identified as the altitude where TKE decreases below 0.005 m2 s− 2 (Banks et al., 2016).

All observational data used in this study have been uploaded to Zenodo, as detailed in the Data/Codes Availability
section.

2.2. Quality Control Methods for Observational Data

The reliability of wind speed time series largely determines the accuracy of turbulence parameterization. In this
study, quality control was applied to both high‐frequency and low‐frequency wind speed data. First, missing data
were filled using multiple imputation based on the Monte Carlo technique (Junninen et al., 2004). Second, the
standard deviation of 30‐min intervals was calculated, and observations deviating by more than three standard
deviations from the mean were removed (Xian, Lu, et al., 2024; Xian, Luo, et al., 2024) and subsequently filled
using the aforementioned method.

2.3. Turbulence Scale Spectral Analysis Method Based on Wind Speed Time Series

The total turbulent kinetic energy (TKEt) in the atmosphere can be calculated based on the turbulent power
spectrum as follows:

TKEt = B∫
kε

ks
E(k) d(k) (2a)

where TKEt represents the total turbulent kinetic energy in the atmosphere, and E(k) is the turbulent energy
spectrum, which describes the energy distribution of turbulence across different wavenumbers (Ruan et al., 2014).
Here, ks corresponds to the wavenumber of the largest turbulent eddies, and its scale is approximately equal to the
street width within the urban canopy. kε denotes the wavenumber corresponding to the dissipation frequency of
the turbulent energy spectrum in the atmosphere. The coefficient B is calculated as detailed in Text S1 in Sup-
porting Information S1.

The turbulent kinetic energy derived from observational instruments (TKEobs,λ) is given by:

TKEobs,λ = B∫
kλ

ks
E(k) d(k) (2b)

where λ represents the sampling cutoff frequency of the observational instruments, and the other symbols are
consistent with Equation 2a.

Therefore, on one hand, TKEobs,λ ≤ TKEt, indicating that due to the sampling frequency limitations of wind speed
measurement instruments, the kinetic energy of turbulent eddies with frequencies between the sampling fre-
quency and the dissipation‐scale frequency cannot be captured. This leads to a theoretical underestimation of
turbulent kinetic energy when derived from wind speed time series through the turbulent energy spectrum
method. On the other hand, according to Equations 2a and 2b, the lower the sampling frequency λ, the greater the
underestimation of TKEobs,λ compared to TKEt.
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According to Kolmogorov's theory, the turbulent energy spectrum E(k) and the wavenumber k follow the − 5/3
power law, which is expressed as:

E(k) = Cε
2
3k−

5
3 (3)

where C is the Kolmogorov constant, ε is the turbulent dissipation rate, and k is the wavenumber.

By substituting Equation 3 into Equations 2a and 2b, the relationship between TKEobs,λ and TKEt can be obtained.
Thus, based on observed fluctuating wind speeds at a given sampling frequency, the TKE within the high‐
frequency range, from the low sampling frequency to the dissipation frequency, can be estimated through the
− 5/3 power law, enabling the calculation of TKEt.

2.4. Correction the Missed High‐Frequency Turbulence by Sampling Cutoff Frequency in Observation

The High‐Frequency TKE Modification Coefficient (HTMC) is defined as the ratio of TKE from unmeasured
high‐frequency atmospheric turbulent eddies, due to the cutoff frequency, to the measured TKEobs,λ.

HTMC =
TKEt − TKEobs,λ

TKEobs,λ
(4)

where TKEobs,λ and TKEt are defined as above. Therefore, after obtaining TKEobs,λ from wind speed observations
with a specific cutoff frequency λ, TKEt can theoretically be determined by multiplying TKEobs,λ by adding the
factor (1 + HTMC) for correction. To validate the feasibility of HTMC correction method and determine the
values of the factor HTMC, the wind speed observational data from cup anemometers (∼0.05 Hz) and high‐
frequency ultrasonic anemometers (∼10 Hz) were obtained and applied in this study. According to Nyquist
sampling law, the cut‐off frequencies λ were approximately 0.025 Hz for low frequencies (λl) and 5 Hz for high
frequencies (λh), respectively.

2.5. Coupling the HTMC Correction Into the BouLac PBL Scheme

The BouLac PBL scheme is a 1.5‐order local turbulence closure scheme based on the k‐l model (Bougeault &
Lacarrere, 1989). It is widely used in mesoscale atmospheric models for the parameterization of atmospheric
boundary layer turbulence. Compared to other schemes, the BouLac scheme fully accounts for the shear and
buoyancy production terms of turbulence, as well as the dissipation and transport of TKE. Its fundamental
equation is as follows:

∂TKE
∂t

+ u · ∇TKE = S + B − ε − ∇ · F (5)

where u is the wind velocity vector, S and B represent the shear production and buoyancy production terms
of turbulence, respectively, ε is the turbulence dissipation term, and ∇ · F denotes the transport of TKE. This
equation enables the numerical calculation of the temporal and spatial distribution of TKE and its tendencies.

In coupled mesoscale numerical models such as WRF‐Chem, when the horizontal spatial resolution is around
2 km, the corresponding temporal resolution, or the model's time integration step, is approximately 20 s. This
indicates that the sampling cutoff frequency for wind speed data used in calculating the various terms in
Equation 5 is around 0.05 Hz. Therefore, this study attempted to apply the HTMC correction.

Through the analysis of the homogeneous analytical solution of Equation 5 (shown in Text S2 in Supporting
Information S1), we find that the shear production term S and the buoyancy production term B primarily dominate
the spectral distribution characteristics of TKE. From a physical perspective, S and B represent the turbulence
generation terms, and the frequency distribution driven by these two factors determines the final frequency
distribution of TKE. Thus, in this study, both terms are multiplied by the correction factor (1 + HTMC). The
modified BouLac equation is expressed as:

∂TKE
∂t

+ u · ∇TKE = (1 +HTMC) · S + (1 +HTMC) · B − ε − ∇ · F (6)
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where HTMC is defined as in Equation 4.

After applying the HTMC correction, the BouLac scheme recalculates TKE, and the Km, which governed the
transport of momentum, heat, and water vapor in the atmosphere, is subsequently calculated as follows (Bou-
geault & Lacarrere, 1989):

Km = cklk
̅̅̅̅̅̅̅̅̅̅
TKE

√
(7)

where lk is the characteristic length scale for calculating the turbulent diffusion coefficient, and Ck is a constant
typically set to 0.4. The corrected Km is further incorporated into the mesoscale atmospheric chemistry model
WRF‐Chem. Numerical sensitivity experiments were designed to evaluate improvements in simulating the
spatiotemporal distribution of near‐surface atmospheric pollutant concentrations after applying the HTMC
correction.

It should be emphasized that for key parameters in Equation 5 (e.g., the sampling cutoff frequency), a physically
self‐consistent approach would require dynamic determination based on wind speed, model spatiotemporal
resolution, and TKE scaling characteristics to generate corrected TKE fields. Critically, such a design must ensure
physical coherence in TKE results when simulating identical cases at varying resolutions through self‐adaptive
parameterization.

The current HTMC scheme fixes the sampling cutoff frequency at about 0.05 Hz. While this represents a
compromise relative to the idealized framework above, it is justified by two operational imperatives: (a)
Observational compatibility: This value aligns with the sampling capacity of industry‐standard anemometers
(e.g., MetOne 010C), ensuring consistency with historical validation data sets; (b) Practical viability: Fixed
parameters preserve the portability and computational efficiency of established mesoscale parameterizations,
circumventing complexities induced by dynamic scaling.

2.6. Initialization of Numerical Sensitivity Experiments

Winter is the season with the most frequent and severe air pollution events in Northeast China (B. Li et al., 2020),
and the turbulence under the atmospheric boundary layer is often significantly underestimated, especially in
winter, leading to overestimated pollutant concentrations in model simulations (Jia & Zhang, 2021). Therefore,
this study focuses on a heavy haze event that occurred in November 2018 in the Shenyang metropolitan area in
Northeast China, which is one of the regions where industrialization and urbanization began early. The area has
long faced severe air pollution, particularly during the winter heating period when pollution levels are especially
high (B. Li et al., 2020; Liu et al., 2020; Zhang et al., 2020). Additionally, the frequent regional transport of
pollutants between Shenyang and neighboring cities such as Harbin, Changchun, Fushun, and Anshan, causes
more severe air pollution in the region (B. Li et al., 2020; C. Li et al., 2020). Numerical sensitivity experiments
were conducted to validate the improvement of HTMC correction in simulating TKE, Km, and the vertical dis-
tribution characteristics of near‐surface urban air pollutants.

In this study, the mesoscale atmospheric chemistry model WRF‐Chem V4.3.2 was employed to simulate the
period from 5 to 17 November 2018. The main analysis period of this paper is from 7 to 17 November 2018. The
48‐hr spin‐up period was designed for model initialization. The geographical boundaries of the simulation domain
are shown in Figure 1, covering the plain region where the Shenyang urban agglomeration is located, as well as
most of the surrounding hilly and mountainous areas. During this period, a heavy haze pollution event occurred in
the region. A three‐level nested grid configuration was applied in the model, with horizontal resolutions of 32, 8,
and 2 km from the outer to the inner domain. The initial and boundary conditions were obtained from the Final
Operational Global Analysis (FNL) data provided by the National Centers for Environmental Prediction (NCEP),
with a spatial resolution of 1° × 1°. And the input data sets for land cover and topography were obtained from the
official WRF (https://www2.mmm.ucar.edu/wrf/users/down‐load/get_sources_wps_g‐eog.html).

To evaluate the impact of introducing HTMC correction into the turbulence parameterization scheme on the
simulation of vertical transport and concentration distribution of urban near‐surface pollutants, two simulation
groups were designed for sensitivity experiments: the control group (CTR) and the experimental group (EXP).
The CTR group employed the original BouLac PBL scheme provided in WRF, while the EXP group applied the
Improved BouLac PBL scheme with HTMC correction. All other physical and chemical parameterization
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schemes were kept consistent between the two groups, as detailed in Table 1. The urban canopy model applied in
this study was the multi‐scale urban canopy model (MSUCM). Detailed information on the MSUCM model can
be found in Z. Liu et al. (2023).

3. Results and Discussion
3.1. The Influence of the Sampling Frequency on the Turbulent Energy Spectrum

Figure 2 shows the turbulence energy spectrums of the wind speed components u, v, and w observed at the height
of 140 m on the Beijing 325‐m meteorological tower, obtained through Fourier transformation of the time series
data. The red and blue lines represent high‐frequency sampling data (from an ultrasonic anemometer) and low‐
frequency sampling data (from a cup anemometer), respectively. Figures 2a–2c display the average turbulence

Figure 1. The simulation area setting in this study.

Table 1
The Parameterization Schemes List in the WRF‐Chem Sensitivity Simulations in This Study

Parameterization scheme CTR EXP

Gas phase chemistry RADM2

Microphysics Lin

Urban Canopy Model MSUCM (Liu, Chen, et al., 2023)

Cumulus physics Grell 3D

Longwave radiation RRTMG

Shortwave radiation RRTMG

Surface Layer MM5

Planetary boundary layer BouLac (Bougeault & Lacarrere, 1989) Improved BouLac

Anthropogenic emissions MEIC

Biogenic emissions Megan

Biomass burning emissions FINN

Aerosol RADM2/SORGAM

Note. The main difference between EXP and CTR is in bold.

Journal of Geophysical Research: Atmospheres 10.1029/2025JD043961

ZHENXIN ET AL. 7 of 27

 21698996, 2025, 18, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JD

043961 by C
ochraneC

hina, W
iley O

nline L
ibrary on [24/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



energy spectrums of u, v, and w during the daytime (14:00–15:00 LT) during the W period, while Figures 2g–2i
show the corresponding energy spectrums for the same period during the S period. Figures 2d–2f present the
energy spectrums during the nighttime (02:00–03:00 LT) during the W period, and Figures 2j–2l represent the
nighttime spectrums for S period. The black dashed lines indicate the reference slope of − 5/3 from the atmo-
spheric turbulence energy spectrum power law theory. As shown in the figure, turbulence energy spectrums
obtained from both sampling frequencies generally follow the − 5/3 power‐law distribution. This suggests that the
turbulent eddies generated at relatively large initial scales—by either shear or buoyancy forcing mechanisms
within the urban canyon—underwent a sufficiently developed cascade process consistent with the − 5/3 law.
However, compared to the low‐frequency energy spectrums, the high‐frequency energy spectrums exhibit the

Figure 2. Turbulent energy spectrums of the wind speed components u, v, and w at 140 m height based on data from a 3D ultrasonic anemometer (red) and a
cup anemometer (blue). (a–c) Show the average spectra of u, v, and w from 14:00–15:00 LT during W period; (d–f) from 02:00–03:00 LT during S period; (g–i) from
14:00–15:00 LT during W period; and (j–l) from 02:00–03:00 LT during S period. The black dashed lines indicate the reference slope of − 5/3 from the atmospheric
turbulence energy spectrum power law theory.
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cutoff frequency positioned further to the right, capturing wind speed fluctuations generated by turbulent
structures with higher temporal frequencies and finer spatial scales. Additionally, the distribution of the turbu-
lence energy spectrum varies across different seasons and times of day. Specifically, the energy values at the same
frequency are higher during the daytime than at night and higher during S period than the W period at the same
time of day. This indicates that, overall, atmospheric turbulence is more active during the day compared to the
night and more active in summer compared to winter. These differences influence the values of TKEobs,λ.

Figures S1 and S2 in Supporting Information S1 present the comparisons of high‐frequency and low‐frequency
turbulence energy spectrums at two additional heights on the tower, 47 and 80 m, respectively. By comparing
these results, it can be concluded that the turbulence spectrums at the three different heights (47 m, 80 m, and
140 m) exhibit similar distribution characteristics and numerical ranges. This similarity may be attributed to the
fact that these heights are all within the urban street canyon wind environment, where the differences relevant to
the focus of this study are not particularly significant.

The results in Figure 2 proved that different wind speed sampling cutoff frequencies lead to variations in the
observable wavenumber range of the turbulence energy spectrum. As a result, the calculation of TKEobs,λ based
on Equation 2b, varies with the different cutoff frequency. Specifically, the lower the cutoff frequency, corre-
sponding to lower sampling frequencies of the observation instruments, the lower the calculated TKEobs,λ values.

Figure 3a illustrates the relationship between TKEobs,λ derived from wind speed data with different sampling
frequencies and the theoretical TKEt. The area of the blue block represents the TKEobs,λl obtained from low‐
frequency sampling, which in this study corresponds to data collected by cup anemometers. The combined
areas of the red and blue blocks indicate the TKEobs,λh obtained from the three‐dimensional ultrasonic ane-
mometers, which include higher frequency and finer‐scale turbulent fluctuations not detected by the cup ane-
mometers. However, both measurement methods fail to capture the TKEhf‐missing represented by the brown block
on the right side of Figure 3a. This brown area corresponds to the turbulence energy contained in even smaller
eddies, spanning from the high sampling frequency of the ultrasonic anemometer to the turbulence dissipation
frequency. The combined areas of the blue, red, and gray blocks represent the theoretical TKEt, as defined by
Equation 2a.

Based on the − 5/3 power law of the turbulence energy spectrum, the value of HTMC, as defined in Equation 4,
can be derived using the quantitative relationship of E(k) within the wavenumber range covered by instrument
observations, represented by the red or the combined red and blue areas in Figure 3a, along with the relationships
among kι, kλl, kλh, and kε. The HTMC was then applied to correct TKEobs,λ, and finally TKEt was obtained.

Figure 3. (a) Schematic of the contribution of turbulent eddies with different cutoff scales to the theoretical total turbulence
energy spectrum. (b, c) Show the temporal variations of HTMC during the W and S periods, respectively, along with the
parameterized HTMC. Bars from light to dark represent HTMC values at 47, 80, and 140 m, while the brown dashed line
indicates the parameterized HTMC value.
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Following this method, the diurnal hourly variation of HTMC values for three sampling heights during both theW
period and S period were calculated in this study. These variations are shown in Figures 3b and 3c, respectively.
The height of each bar represents the multi‐day average HTMC for the same hour within the corresponding
month. The colors from light to dark represent the HTMC values of 47 m, 80 m, and 140 m heights, respectively.
Since many related studies commonly calculate TKE based on wind speed observations from conventional
meteorological data, the HTMC values presented here were derived from low‐frequency observations of
TKEobs,λl.

The diurnal variation of HTMC, as shown in Figures 3b and 3c, exhibits a distinct bimodal pattern. The first peak
of HTMC occurs during the early morning between 3:00 and 6:00 LT, with an average value of approximately
25% at the three observed heights during the W period and around 15% during the S period. The second peak
appears in the evening between 18:00 and 20:00 LT, significantly higher than the first, reaching about 37% during
the W period and 20% during the S period. Overall, HTMC values are generally higher at night compared to
daytime, with the lowest values, around 10%–15%, observed near noon. The bimodal feature is more pronounced
during theW period, and HTMC values consistently exceed those during the S period. This indicates that the most
significant underestimation of TKEt occurs during nighttime and winter. This phenomenon may be attributed to
stronger atmospheric inversions and weaker large‐scale or low‐frequency turbulence during these times, leading
to a higher contribution of small‐scale or high‐frequency eddies to TKEt. During the early morning and evening
periods, the atmospheric boundary layer tends to be more stable or in transition, and turbulence structures become
more complex, with enhanced small‐scale eddy activity. It may result in a greater proportion of high‐frequency
turbulence being missed by low‐frequency sampling, thus increasing HTMC. In contrast, around midday, when
the atmosphere is more convectively unstable and turbulence is dominated by larger eddies, the proportion of
high‐frequency TKE is relatively lower, resulting in smaller HTMC values.

Moreover, HTMC exhibits an increasing trend with height across all time periods, which could be attributed to
more fully developed atmospheric turbulence and a more significant energy cascade effect with increasing
altitude, influenced by the spatial distribution of the urban canopy around the observation site and the observed
height range. However, as HTMC is significantly characterized by diurnal and seasonal variations, Julian day and
hour were selected as independent variables to reflect its characteristics.

Based on the results in Figure 3, a correction function of HTMC diurnal variation and its seasonal differences
were obtained by fitting analysis. The correction function will be used for the adjustment from TKEobs,λl to TKEt.
The expression of the correction function is given as follows:

HTMC = (1 + 0.01 ∗ (5 sin(
π
12
(LT −

π
6
))cos(

π
19
LT) + 1)(0.9 cos((Julian −

π
2
)
2π
365

) + 1.4) + 0.05)
2

− 1

(8)

where Julian represents the Julian day, used to characterize the seasonal variation of HTMC, while LT denotes the
local true solar time, reflecting the diurnal variation of HTMC.

In Figures 3b and 3c, the brown dashed lines represent the average diurnal variation curves of HTMC during the
W period and S period, as derived from Equation 8. The figures show that this parameterization scheme well
captures the observed bimodal diurnal variation of HTMC, as well as the seasonal pattern of higher values in
winter and lower values in summer. The HTMC reaches its minimum around 11:00 LT during the daytime,
approximately 13% in winter and 10% in summer, and peaks around 19:00 LT at night, with about 37% in winter
and roughly half of that in summer, around 17%. This fitting result reasonably reflects the variations and char-
acteristics of HTMC from observations. Although studies by Obukhov (1971) and Zilitinkevich et al. (2013) have
demonstrated that the cascade processes in atmospheric turbulence can be more complex, for instance, buoyant
production of TKE may induce an inverse cascade from smaller to larger scales, the turbulence energy spectra
observed in urban street canyons (as shown in Figure 2, Figures S1and S2 in Supporting Information S1) still
exhibit good agreement with the − 5/3 power law. Therefore, the HTMC scheme proposed in this study remains
broadly applicable under most conditions.
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3.2. Validation of HTMC Correction on the Simulated TKEt and Km

In this study, the HTMC was further incorporated into the BouLac PBL scheme in WRF‐Chem, forming the
Improved BouLac PBL scheme. The modified mathematical model is presented in Equations 6 and 7. Subse-
quently, sensitivity numerical experiments were conducted to simulate the spatiotemporal distributions of near‐
surface atmospheric turbulence, atmospheric diffusion coefficient, and atmospheric pollutant concentrations
during a severe haze event in Shenyang and its surrounding areas in China.

Figure 4 shows the differences in the simulated vertical distribution of TKE over urban Shenyang between the
EXP group and CTR group. Figure 4a represents the absolute difference, while Figure 4b shows the relative
difference. The differences are represented by color shading, with warm colors indicating higher TKE simulation
values in the EXP group compared to the CTR, and cool colors indicating the opposite. As shown in Figure 4a,
during most periods, the TKE below the top of the atmospheric boundary layer in the EXP group was higher than
that in the CTR group. During daytime, the TKE increased by 0.1–1 m2 s− 2, while at night, the increase ranged
from 0.01 to 0.25 m2 s− 2, indicating that the TKE enhancement was more pronounced during the day than at night.
However, some periods showed the opposite trend, which may be attributed to complex surrounding transport
processes influenced by increased vertical turbulence in specific spatiotemporal regions, considered occasional
phenomena. The negative difference only occurred during a few hours, indicating that the HTMC correction was
not a simple correction but rather a more accurate reflection of the actual turbulent processes overall. Overall,
after applying the HTMC correction, the absolute intensity of the simulated near‐surface TKE has significantly
increased.

Figure 4b shows that the relative difference of TKE generally ranged between 10% and 40%. During the daytime,
the relative difference was around 10%–20%, while at night it reached as high as 20%–40%. This diurnal pattern
aligned with the temporal variation of the HTMC shown in Figure 3, indicating that the HTMC correction was
appropriately applied in the EXP simulation results. Further, when compared with Figure 4a, it is observed that

Figure 4. The differences in the vertical distribution of TKE over urban Shenyang between the EXP group and CTR group.
(a) Shows the absolute difference, and (b) shows the relative difference. Color shading represents the TKE differences, with
warm colors indicating higher TKE simulation values in the EXP group compared to the CTR, and cool colors indicating the
opposite.
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although the absolute difference between EXP and CTR was higher during the day and lower at night, the relative
difference exhibited the opposite trend, being higher at night and lower during the day. This phenomenon can be
explained as follows: On one hand, the overall intensity of atmospheric turbulence is stronger during the day due
to solar radiation heating the surface, which leads to stronger thermal convection and buoyancy‐driven turbu-
lence. Additionally, higher average wind speeds during the day generate stronger wind shear and mechanically
driven turbulence, which, through the turbulence energy cascade effect, produces more high‐frequency turbu-
lence that carries greater TKE. On the other hand, nighttime turbulence activity is weaker, mainly characterized
by a significant reduction in large‐scale, low‐frequency turbulence eddies. Consequently, the relative contribution
of high‐frequency turbulent energy increases. This could also explain why most current models tend to under-
estimate nighttime TKE and Km.

According to Equation 7, the simulated TKE in the model further influences the spatiotemporal distribution of
atmospheric turbulent diffusion coefficients. Figure 5 shows the differences in the vertical distribution of Km over
Shenyang between the EXP and CTR groups, with (a) representing absolute difference and (b) representing
relative difference. Warm colors indicate higher diffusion coefficients in the EXP compared to the CTR, while
cool colors indicate the opposite. As shown in Figure 5a, similar to TKE, the Km below the atmospheric boundary
layer was generally higher in the EXP at most times. TKE determines Km, so the moment when Km was lower in
the EXP was consistent with the time when TKE was lower, but the negative difference only existed for a few
hours. It shows that HTMC correction is not a simple correction but rather a more accurate reflection of the
turbulent processes overall. During the daytime, Km in the EXP increased by 5–15 m2 s− 1, while at night, the
increase ranged from 1 to 5 m2 s− 1, indicating that the magnitude of the increase was greater during the day. After
applying the HTMC correction, the absolute magnitude of the Km was significantly enhanced overall. The de-
viation pattern of Km between the EXP and CTR was consistent with that of TKE in both simulations, further
confirming that TKE determines the diffusion coefficient.

Figure 5. The differences in the vertical distribution of Km over urban Shenyang between the EXP group and CTR group.
(a) Shows the absolute difference, and (b) shows the relative difference. Color shading represents the Km differences, with
warm colors indicating higher Km simulation values in the EXP group compared to the CTR, and cool colors indicating the
opposite.
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Figure 5b shows that the relative difference of Km in two groups generally ranged from 10% to 20%, with positive
deviations of 10%–15% during the daytime and up to 15%–20% at night. Combined with Figure 4, it is evident that
the improvements in Km in the EXP compared to the CTR exhibit similar characteristics to those of TKE: higher
absolute difference during the day and lower at night, while relative difference was lower during the day and
higher at night. These results indicate that during nighttime, when atmospheric turbulence is relatively weak,
high‐frequency turbulence contributes more significantly to the relative proportion of the diffusion coefficient.

3.3. Validation of HTMC Correction on the Simulated Meteorological Conditions

Figure 6 shows the time series of the near‐surface meteorological conditions in the Shenyang urban area,
including (a) near‐surface temperature (T), (b) wind speed (WS) and (c) atmospheric boundary layer height
(ABLH). The black dots represent the observed values, and the red and blue dots represent the simulated values of
the EXP and CTR groups, respectively. Figure 6a shows that near‐surface air temperature in urban Shenyang
exhibited a typical diurnal cycle during the study period, with higher temperatures during the day and lower
temperatures at night. The daily maximum temperature generally exceeded 10°C, reaching the highest value of
12°C at 13:00–14:00 LT on November 14. In contrast, the daily minimum temperature mostly remained between
− 5°C and − 3°C, with the lowest value recorded at 00:00 LT on November 17. Both the CTR and EXP reproduced
the magnitude and diurnal pattern of the near‐surface temperature reasonably well. However, the EXP consis-
tently produced higher nighttime temperatures than the CTR, especially during the early hours of November 7, 9,
and 16, when the temperature simulated by EXP exceeded that of CTR by more than 0.5°C. Comparison with
observations indicates that CTR significantly underestimated nighttime temperatures during these periods,
reflecting a deficiency in capturing the urban canyon heat storage effect at night, whereas EXP aligned more
closely with the observations. This improvement is likely attributable to the enhanced TKE andKm in EXP, which
facilitated the downward transport of warm air from aloft, thereby slowing the nocturnal surface cooling and
better representing the underlying physical processes. Additionally, the EXP also simulated slightly higher
daytime maximum temperatures compared to CTR, particularly on the afternoons of November 7, 8, 14, and 16,
which were also more consistent with observations. This indicates that the enhanced turbulence in the EXP
strengthened vertical heat mixing in urban areas during the day, and, when combined with improved nighttime
heat storage effect, resulted in a better overall agreement with observed near‐surface temperature.

Figure S3 in Supporting Information S1 presents a scatter plot of the simulation and observation of the near‐
surface temperature (T). The X value of each scatter point stands for the observed T, while the Y value stands
for the simulated T. Red dots indicate the results from the EXP, with the red solid line representing the linear
fitting line for the EXP. Similarly, blue dots and the blue solid line represent the corresponding results for the

Figure 6. Time series of near‐surface meteorological conditions over urban Shenyang. The black dots represent observed
value, while the red and blue dots indicate simulated concentrations in the EXP and CTR groups, respectively. Shaded areas
denote nighttime periods, and the white areas denote daytime periods.
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CTR. The closer the scatter points are to the y = x reference line (the black
dashed line), the better the agreement between the simulated and observed
values. The scatter plot is based on the same data set as Figure 6a but separates
the data into daytime and nighttime periods according to local time. Figure
S3a in Supporting Information S1 shows the results for the daytime period
(7:00–18:00 LT), while Figure S3b in Supporting Information S1 represents
the nighttime period (19:00–6:00 (day + 1) LT). During the daytime, the
observed T ranged from − 5 to 13°C. The simulated values from both groups
generally agreed well with the observations, as indicated by the relatively
uniform distribution of scatter points around the y = x line and the similar
slopes of the fitting lines for the two simulations. In contrast, during the
nighttime period, temperatures ranged from − 10 to 8°C, and the slope of the
fitting line for the EXP was 0.02 higher than that of the CTR, indicating a
closer alignment with the reference line.

Table 2 summarizes the bias statistical indicators for the near‐surface mete-
orological conditions during the study period, quantifying the deviations
between the simulated values from the two simulation groups and the
observed data. The Normalized Mean Bias (NMB) reflects the average values
and direction of the bias, while the Normalized Mean Error (NME) represents
the normalized mean of the absolute deviations. The Root Mean Square Error
(RMSE) indicates the statistical variance of the normalized deviations be-
tween the simulated and observed values, and the correlation coefficient (r)
indicates the correlation between the simulations and observations. For each
variable, when the difference between the simulated and observed values
passes the two‐sample Student's t‐test and the statistical indicator is smaller

compared to the other group, the indicator is highlighted in bold. During the daytime period, the EXP shows a
modest improvement in simulation performance compared to the CTR, with NMB reduced from − 0.24 to − 0.20
and NME from 0.37 to 0.35. The improvement is more pronounced during nighttime, where the NMB in the EXP
decreased significantly from − 0.17 to 0.04, and NME was reduced from 3.54 to 3.47. Meanwhile, the correlation
coefficient r increased from 0.69 to 0.71. In addition, the difference between the two simulation groups during the
nighttime passed the significance test, indicating that the improvement in nighttime near‐surface T in the EXP is
statistically significant.

Figure 6b presents the time series of near‐surface wind speed over urban Shenyang during the same period.
Compared to the T, WS exhibited a less distinct diurnal cycle, though it generally remained higher during the
daytime than at night. The differences in simulated WS between the two groups were relatively minor. Figure S4
in Supporting Information S1, which provides a corresponding scatter plot, further supports this conclusion—
both groups showed similar fitting line slopes for daytime and nighttime periods, indicating minimal differ-
ences in simulation performance. Consistently, the statistical indicators in Table 2 show that although the EXP
exhibits slightly reduced bias during the nighttime, the differences between the two simulations do not pass the
significance test, suggesting that this improvement was not statistically significant.

Figure 6c illustrates the time series of atmospheric boundary layer height (ABLH). Observational data show that
ABLH remained around 0.2 km at night and increased to above 1 km during the daytime. Both simulation groups
reproduced this diurnal variation pattern, though the absolute values were generally underestimated. Compared
with the CTR, the ABLH simulated by EXPwas slightly higher in most periods, especially during the afternoon to
nighttime hours of November 8–9 and November 14–16, where the ABLH increased by approximately 50–150 m,
causing the results closer to observations. When combined with the patterns of TKE and Km shown in Figures 4
and 5, as well as the near‐surface T results in Figure 6a, it further demonstrates that the enhanced TKE and Km in
the EXP contribute to improved simulation accuracy of near‐surface temperature and ABLH in urban areas,
making them more consistent with observational data.

The scatter plots in Figure S5 in Supporting Information S1 further confirm the reliability of the simulation
results. It is based on the same data set as Figure 6c but separates the data into daytime and nighttime periods
according to local time. During the daytime period, both groups exhibited good agreement with observations, with

Table 2
Simulation Bias Evaluation of Key Meteorological Variables

Variables

NMB (%) NME (%) RMSE r

CTR EXP CTR EXP CTR EXP CTR EXP

T (daytime) − 0.24 − 0.20 0.37 0.35 0.19 0.19 0.88 0.88

T (nighttime) − 0.17 0.04 3.54 3.47 0.30 0.29 0.69 0.71

WS (daytime) − 0.01 − 0.02 0.68 0.67 0.33 0.32 0.35 0.36

WS (nighttime) 0.19 0.18 0.93 0.89 0.47 0.46 0.24 0.25

ABLH (daytime) − 0.17 − 0.15 0.33 0.31 0.23 0.23 0.69 0.70

ABLH (nighttime) − 0.33 −0.28 0.35 0.32 0.25 0.23 0.60 0.61

Note. The variables with better performance and pass the two‐sample Stu-
dent's t‐test of significance are in bold. Normalized Mean Bias (NMB):

NMB =
∑

N

1
(Si − Oi)

∑
N

1
Oi

× 100%. Normalized Mean Error (NME):

NME =
∑

N

1
|Si − Oi |

∑
N

1
Oi

× 100%. Root Mean Square Error (RMSE):

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
N

1
(Si − Oi

Oi
)
2

N

√

. Correlation Coefficient (r):

r = ∑(Si − S)∑(Oi − O)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑ (Si − S)
2
∑ (Oi − O)

2
√ , where Si andOi represent the simulated value and

the observed value of a variable, respectively, while S and O represent the
mean value of the simulation and observation of the variable, respectively, and
N indicates the number of the variable.
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fitting line slopes of 0.93 for the CTR and 0.95 for the EXP, indicating a slight improvement in the EXP. The
statistical metrics also show slightly reduced biases for the EXP. The improvement was more evident during the
nighttime: the fitting line slope increased from 0.57 to 0.61, NMB decreased from − 0.33 to − 0.28, NME dropped
from 0.35 to 0.32, RMSE decreased from 0.25 to 0.23, and r increased from 0.60 to 0.61. Moreover, these im-
provements passed the significance test, indicating that the enhancement of EXP in simulating nighttime ABLH
was statistically significant.

In summary, the meteorological variables near‐surface air temperature, wind speed, and boundary‐layer heights
show markedly smaller differences between CTR and EXP than TKE and Km.

We attribute the limited improvements in meteorological variables to the following mechanisms: For the near‐
surface air temperature, mechanically driven turbulence from buildings/vegetation maintains predominantly
neutral potential temperature profiles in urban street canyons. This persistence (evident in Figure 6a) minimizes
thermal gradient and energy flux changes regardless of HTMC implementation. Only during the nighttime does
radiative cooling facilitate stable boundary layers, where HTMC may enhance TKE and partially mitigate the
existence of near‐ground stable boundary layers, yielding discernible temperature differences (as shown in
Figure 6a).

For meso‐scale grid averaged wind speed and ABLH, HTMC primarily corrects subgrid‐scale turbulent eddies,
with spatiotemporal scales of far lower than 2 km in horizontal resolution. Their velocity fluctuations undergo
statistical cancellation during grid averaging, thus failing to drive systematic variations in resolved wind speed or
boundary‐layer depth.

Afterall, the enhanced TKE and Km in the EXP still improved the simulation performance of meteorological
variables. This improvement was particularly evident during the nighttime period, when the relative increase in
TKE and Km were more pronounced. The strengthened vertical thermodynamic exchange effectively enhanced
the simulation accuracy of near‐surface temperature and atmospheric boundary layer height. These results show
the crucial role of enhanced high‐frequency turbulence characteristics in improving the model's performance to
reproduce key meteorological elements, and further validate the effectiveness of the HTMC correction scheme in
refining the simulation of nocturnal boundary layer processes. The associated changes in ABLH and thermo-
dynamic conditions may have a substantial impact on the transport and dispersion of pollutants, thereby influ-
encing the performance of air pollutant concentration simulations, which will be further discussed.

3.4. Validation of HTMC Correction on the Simulated Air Pollutant Concentrations

Figure 7 shows the time series of near‐surface PM2.5 concentrations over urban Shenyang. The black dots
represent observed near‐surface concentration, while the red and blue dots indicate simulated concentrations in
the EXP and CTR groups, respectively. Shaded areas denote nighttime periods, and the white areas denote
daytime periods. The observations indicated a clear diurnal pattern, with lower PM2.5 concentrations during the

Figure 7. Time series of PM2.5 concentrations over urban Shenyang. The black dots represent observed near‐surface
concentration, while the red and blue dots indicate simulated concentrations in the EXP and CTR groups, respectively.
Shaded areas denote nighttime periods, and the white areas denote daytime periods.
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day and higher concentrations at night. Two peaks exceeding 100 μg m− 3 were primarily observed during the
night of November 7 to the early morning of November 8, and from the night of November 14 to the early
morning of November 15. Based on the variation characteristics of PM2.5 concentrations, the simulation period
can be divided into two pollution episodes. As shown in Figure 7, the first pollution episode (EP1) was primarily
driven by local emissions, with pollutant concentrations concentrated near the surface, whereas the second
pollution episode (EP2) was characterized by regional transport aloft. Therefore, the study period was separated
into two episodes. EP1 occurred from November 7 to November 13, with PM2.5 concentrations rising rapidly
between November 7 and 8, peaking at midnight on November 8, and then gradually decreasing to below
15 μg m− 3 by 2:00 LT on November 10. The second pollution episode (EP2) occurred from November 14 to
November 17, with the highest PM2.5 concentration reaching 190 μg m− 3 at 8:00 LT on November 14. The
comparison between the simulated and observed values shows that both simulation groups captured the general
trend and diurnal variation of PM2.5 concentrations reasonably well. However, the simulation results in EXP were
closer to the observations in terms of magnitude. In EP1, the CTR exhibited a systematic overestimation of
nighttime PM2.5 concentrations, with simulated values at least 20 μg m− 3 higher than the observations. This
overestimation was significantly reduced in the EXP group and the PM2.5 concentrations were more closely
aligned with the observations. In EP2, while the PM2.5 concentrations simulated by the EXP were generally lower
than the observations, they were higher than those from the CTR, especially during the night of November 14 and
early morning of November 15, and demonstrated better agreement with the measurements.

Figure S6 in Supporting Information S1 presents a scatter plot of the simulation and observation of PM2.5

concentrations. The X value of each scatter point stands for the observed PM2.5 concentrations, while the Y value
stands for the simulation concentrations. Red dots indicate the results from the EXP, with the red solid line
representing the linear fitting line for the EXP. Similarly, blue dots and the blue solid line represent the corre-
sponding results for the CTR. The closer the scatter points are to the y = x reference line (the black dashed line),
the better the agreement between the simulated and observed values. The scatter plot is based on the same data set
as Figure 7 but separates the data into daytime and nighttime periods according to local time. Figure S6a in
Supporting Information S1 shows the results for the daytime period (7:00–18:00 LT), while Figure S6b in
Supporting Information S1 represents the nighttime period (19:00–6:00 (day + 1) LT). During the daytime, the
observed PM2.5 concentrations were relatively low, mostly ranging from 0 to 50 μg m− 3. In contrast, the nighttime
data points were predominantly distributed in regions where the observed values exceed 50 μg m− 3, further
confirming the diurnal pattern of lower PM2.5 concentrations during the day and higher concentrations at night.
Based on the distance of the scatter points and fitting lines from the y = x, it is evident that both the points and the
fitting line of the EXP in Figure S6 in Supporting Information S1 were consistently closer to y= x compared to the
CTR. This indicates that the PM2.5 simulations in EXP were in better agreement with the observations throughout
the whole day, while the CTR tended to significantly overestimate PM2.5 concentrations, particularly during
nighttime. A further comparison reveals that the differences between the EXP and CTR were more significant
during the nighttime, with the EXP results being closer to the observations. While the improvement of EXP
during the daytime was small, there was still a big difference between the simulated PM2.5 concentrations in EXP
and the observed concentrations in the daytime period.

Table 3 summarizes the bias statistical indicators for major air pollutant concentrations during the pollution
events, quantifying the deviations between the simulated values from the two simulation groups and the observed
data. The Normalized Mean Bias (NMB) reflects the average values and direction of the bias, while the
Normalized Mean Error (NME) represents the normalized mean of the absolute deviations. The Root Mean
Square Error (RMSE) indicates the statistical variance of the normalized deviations between the simulated and
observed values, and the correlation coefficient (r) indicates the correlation between the simulations and ob-
servations. For each variable, when the difference between the simulated and observed values passes the two‐
sample Student's t‐test and the statistical indicator is smaller compared to the other group, the indicator is
highlighted in bold. As shown in Table 3, during the daytime period, the bias statistical indicators for PM2.5

concentrations in both simulation groups were relatively similar, and the difference between the two groups and
the observed value did not pass the t‐test, indicating no statistically significant difference in model performance
between EXP and CTR. However, during the nighttime period, NMB, NME, and RMSE of PM2.5 were all
reduced by more than 30% compared to the CTR. Especially, the NMB decreased significantly from 23.77% in the
CTR to 6.18% in the EXP, and the r improved from 0.68 to 0.75. These results clearly demonstrate that the
Improved BouLac scheme has a significant improvement in simulating near‐surface PM2.5 concentrations at
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night. Figure S7 in Supporting Information S1 shows the average daily
variation of PM2.5 and NO2 concentration in the Shenyang urban area. The
black dots are the observed values, the red dots are the simulation results of
the EXP, the red shadow is the root mean square error interval of the EXP, the
blue dots and the blue shadow show the corresponding results of CTR. During
the pollution episode, PM2.5 exhibited a distinct diurnal cycle, with higher
concentrations at night and lower levels during the daytime. The minimum
concentrations occurred around 13:00 LT each day, with enhanced atmo-
spheric dispersion conditions. At night, average PM2.5 concentrations reached
up to 60 μg m− 3. Both the EXP and CTR simulations reproduced the general
diurnal trend reasonably well. However, differences between the two schemes
were minor during daytime, while the EXP reduced the overestimation of
near‐surface PM2.5 concentrations in the CTR during nighttime, particularly
between 20:00 and 04:00 (day + 1) LT.

These results indicate that, after applying the Improved BouLac scheme, the
EXP simulated stronger atmospheric TKE and Km, which subsequently led to
nighttime PM2.5 concentrations more consistent with observations. This
effectively improved the significant overestimation of nighttime PM2.5 con-
centrations in the CTR. Furthermore, these findings demonstrate the critical
role of high‐frequency TKE in simulating nighttime pollutant concentrations.

Figure 8 presents the time series of vertical profiles of PM2.5 concentrations
over urban Shenyang in (a) the EXP, (b) the CTR, and (c) the differences

between the two simulation groups. In Figures 8a and 8b, the color shading represents PM2.5 concentrations in
each simulation group, with the solid black line indicating the simulated ABLH. In Figure 8c, the color shading
shows the PM2.5 concentration differences between the EXP and CTR, where warm colors indicate higher PM2.5

concentrations in the EXP compared to the CTR, and cool colors indicate the opposite. The thinner and thicker
black lines represent the ABLH in the CTR and EXP, respectively. During the first pollution episode (EP1), PM2.5

primarily originated from local emissions. Because the vertical distribution of PM2.5 concentrations in Figures 8a
and 8b indicates that pollutants were mainly concentrated in the near‐surface layer, with concentrations rapidly
decreasing with height and there are no signs of elevated pollutant layers or long‐range transport aloft were
observed in the atmospheric boundary layer.

As shown in Figures 4 and 5, the EXP group simulated stronger atmospheric TKE and larger turbulent diffusion
coefficients, which was conducive to the vertical diffusion of near‐surface pollutants and enhanced their upward
transport. Consequently, the EXP simulated lower PM2.5 concentrations near the surface and higher concentra-
tions at higher altitudes compared to the CTR. This phenomenon was particularly pronounced at night, with PM2.5

concentration differences between the two simulations exceeding 20 μg m− 3 near the surface. The reason is that
the observations in Figure 7 indicated that pollutant accumulation mainly occurred during nighttime, and the CTR
significantly overestimated concentrations during these periods. The HTMC correction enhanced vertical tur-
bulent diffusion at night in the EXP, effectively reducing near‐surface accumulation. Consequently, the con-
centration differences between EXP and CTR were more significant during nighttime. While during the daytime,
the original model already simulated relatively strong turbulent mixing, resulting in a smaller impact from HTMC
and thus less pronounced differences. During the second pollution episode (EP2), pollutant transport from sur-
rounding regions at higher altitudes was observed on November 14. The stronger turbulent diffusion in the EXP
promoted the downward transport of these elevated pollutants toward the surface. As a result, Figure 8c shows
higher near‐surface PM2.5 concentrations in the EXP compared to the CTR. This characteristic was consistent
with the results in Figure 7, which further confirms that the PM2.5 concentrations simulated in EXP were more
consistent with observations during this period. Therefore, the diurnal contrast in Figure 8c should not be only
attributed to variations in turbulent diffusion, but rather show the different effect of the high‐frequency TKE under
distinct pollution conditions: alleviating underestimated vertical diffusion during nighttime in EP1, and
enhancing downward pollutant transport during daytime in EP2.

Figure 9 shows the vertical profiles of PM2.5 concentrations at several typical moments during the simulation
period. The black solid lines represent the observed concentrations, while the blue and red solid lines denote the

Table 3
Simulation Bias Evaluation of Key Environmental Variables

Variables

NMB (%) NME (%) RMSE r

CTR EXP CTR EXP CTR EXP CTR EXP

PM2.5 (daytime) − 3.09 2.12 40.35 42.99 0.13 0.14 0.60 0.62

PM2.5 (nighttime) 23.77 6.18 50.58 35.79 0.27 0.18 0.68 0.75

NO2 (daytime) − 2.07 3.95 26.99 28.50 0.19 0.19 0.42 0.40

NO2 (nighttime) 16.30 5.67 34.33 25.18 0.26 0.17 0.71 0.73

Note. The variables with better performance and pass the two‐sample Stu-
dent's t‐test of significance are in bold. Normalized Mean Bias (NMB):

NMB =
∑

N

1
(Si − Oi)

∑
N

1
Oi

× 100%. Normalized Mean Error (NME):

NME =
∑

N

1
|Si − Oi |

∑
N

1
Oi

× 100%. Root Mean Square Error (RMSE):

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑
N

1
(Si − Oi

Oi
)
2

N

√

. Correlation Coefficient (r):

r = ∑(Si − S)∑(Oi − O)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑ (Si − S)
2
∑ (Oi − O)

2
√ , where Si andOi represent the simulated value and

the observed value of a variable, respectively, while S and O represent the
mean value of the simulation and observation of the variable, respectively, and
N indicates the number of the variable.
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simulated concentrations in the CTR and EXP groups, respectively. Figures 9a–9d show typical moments of EP1,
with Figures 9a and 9c representing nighttime and Figures 9b and 9d representing daytime. Figure 9e shows the
typical moment of EP2. During EP1, the differences between the EXP and CTR were small during the daytime,
with the EXP simulating slightly lower PM2.5 concentrations than that of the CTR. Both simulation groups
underestimated PM2.5 concentrations compared to observations. However, at night, the vertical distribution of
PM2.5 concentrations below 100 m in two groups was significantly different, with lower concentrations in the
EXP than the CTR and better agreement with observations. This indicates that the HTMC correction applied to
TKE in the EXP enhanced vertical turbulent diffusion, reducing near‐surface pollutant concentrations while
increasing concentrations at higher altitudes, significantly improved the simulation of nighttime PM2.5 concen-
trations. During EP2, influenced by pollutant transport from surrounding regions at higher altitudes, the stronger
Km in the EXP promoted the downward transport of upper pollutants. Consequently, PM2.5 concentrations in the
EXP were higher than those in the CTR below 600 m, with the distribution more consistent with observations.
Moreover, this improvement was particularly significant below 100 m, highlighting the effectiveness of the
HTMC correction in simulating near‐surface pollution.

Figure 8. Time series of vertical profiles of PM2.5 concentrations over urban Shenyang in (a) the EXP, (b) the CTR, and
(c) the differences between the two simulation groups. The color shading in (a, b) represents PM2.5 concentrations in each
simulation group, and the black solid lines show the simulated ABLH. In (c), warm colors indicate higher PM2.5
concentrations in EXP and cool colors indicate the opposite. The thinner and thicker black lines represent the ABLH in the
CTR and EXP, respectively.
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Figure 10 shows the spatial distribution of near‐surface concentration differences between the EXP and CTR
groups for (a–e) PM2.5 and (f–j) NO2 at the selected typical moments. Warm colors indicate higher concentrations
in EXP compared to CTR, while cool colors represent the opposite. The stars mark the location of the Shenyang
urban area. Each subplot represents the average concentration difference between the two simulation groups over
the current moment and the preceding and following 2 hours. The results show that concentration differences
between the two simulation groups were primarily concentrated around the urban area, driven by the thermal and
dynamic property differences between urban and suburban regions. After applying the HTMC correction, the
difference in turbulent diffusion capacity between EXP and CTR became more pronounced within the urban
region, resulting in larger pollutant concentration differences near the urban area compared to the surrounding
regions.

Figure 9. The vertical profiles of PM2.5 concentrations at several typical moments during the simulation period. The black solid lines represent the observed
concentrations, while the blue and red solid lines denote the simulated concentrations in the CTR and EXP groups, respectively.

Figure 10. The spatial distribution of near‐surface concentration differences between the EXP and CTR groups for (a–e) PM2.5 and (f–j) NO2 at the selected typical
moments. Warm colors indicate higher concentrations in EXP compared to CTR, while cool colors represent the opposite. The stars mark the location of the Shenyang
urban area.
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Figures 10a and 10c show that during nighttime, the near‐surface PM2.5 concentrations in the EXP were lower
than those in the CTR over the Shenyang urban area, with a difference of approximately 20 μg m− 3 around 02:00
LT on November 9. In contrast, the surrounding areas downwind to the southeast exhibited higher PM2.5 con-
centrations in EXP compared to CTR. This phenomenon can be attributed to the slower nocturnal cooling of urban
surfaces compared to the surrounding natural land covers. Figure 11 presents the spatial distribution of near‐
surface (a–e) TKE, (f–j) Km, (k–o) temperature (T), and (p–t) ABLH in the EXP group. As shown in
Figures 11a and 11b, near‐surface air temperatures over the urban area were significantly higher than those in the
surrounding regions during nighttime, particularly at 02:00 LT on November 9, when the temperature between
urban area and the surroundings exceeded 6°C. Correspondingly, local TKE and Km values were also higher
within the urban area. As a result, atmospheric turbulence remained more active over urban areas at the same time,
enhancing vertical turbulent transport. After applying the HTMC correction, the difference in turbulent diffusion
capacity between urban and suburban areas in EXP became even more pronounced. The enhanced turbulence

Figure 11. The spatial distribution of near‐surface (a–e) TKE, (f–j) Km, (k–o) T and (p–t) ABLH in the EXP group at the selected typical moments. Colors indicate their
value. The stars mark the location of the Shenyang urban area.
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promoted the transport of pollutants from the urban area, where vertical turbulent diffusion was stronger, toward
surrounding regions. Consequently, PM2.5 concentrations in the suburban areas around the city were higher in
EXP than in CTR. The vertical cross‐sections of the difference between the two simulation groups shown in
Figure 12 indicate that during nighttime, the EXP simulation simulated lower near‐surface PM2.5 concentrations
over Shenyang. Some dispersed to higher altitudes, while others were transported toward downwind suburban
areas.

While in the early morning, the urban area warmed more slowly than the surrounding regions, resulting in
stronger turbulent vertical diffusion, which promoted the transport and accumulation of pollutants toward the
urban area. The EXP exhibited a greater difference in diffusion capacity between urban and suburban areas,
enhancing the near‐surface transport of PM2.5 from surrounding regions into the urban area. Consequently, as
shown in Figure 8, PM2.5 concentrations in the EXP were higher than those in CTR during the early daytime. In
the afternoon, both atmospheric turbulence and the planetary boundary layer were well‐developed, significantly
enhancing vertical turbulent diffusion compared to nighttime, which led to a rapid decrease in near‐surface
pollutant concentrations. As discussed in Chapters 3.1–3.2, the original BouLac PBL scheme effectively simu-
lated daytime atmospheric turbulent diffusion. And as shown in Figure 11, the differences in TKE, Km, T, and
ABLH between urban and suburban areas during the daytime were relatively small, indicating that the dispersion
conditions in the city and surrounding areas were good in both simulation groups during the daytime. Therefore,
as shown in Figures 10b and 10d, the concentration differences between the two simulation groups were much
smaller during the daytime than at night, with the near‐surface PM2.5 concentration in the EXP being only about
5 μg m− 3 lower than that in the CTR. This phenomenon is also evident in Figure 12. In the EXP group, the higher
atmospheric boundary layer height and stronger vertical turbulent diffusion facilitated the upward transport of
pollutants, resulting in a reduction in near‐surface concentrations. However, since daytime dispersion was already
relatively sufficient in the CTR group, the concentration differences between the two simulations were signifi-
cantly smaller than those during nighttime. In contrast, the EP2 exhibited significant differences from EP1.
During this episode, there was a significant contribution of pollutant transport from surrounding regions at higher
altitudes (shown in Figure 8). The stronger turbulent diffusion in the EXP promoted the downward transport and
accumulation of pollutants from the upper. As shown in Figure 10e, the near‐surface PM2.5 concentrations in the
EXP were significantly higher than those in CTR, particularly over the urban area and its surroundings, where this
phenomenon was especially pronounced. This is further supported by Figure 12e, which shows that near‐surface
pollutant concentrations were higher around urban Shenyang in the EXP group, while concentrations aloft were
lower. The increased near‐surface concentrations are attributed to pollutant transport from surrounding areas.

As one of the key precursors of PM2.5, NO2 primarily originates from local emissions, causing its spatiotemporal
distribution to be more sensitive to the effects of Km. Figure 13 presents the time series of observed and simulated
NO2 concentrations in the Shenyang urban area. The black dots represent observed near‐surface NO2 concen-
trations, while the blue and red dots indicate the simulated values from the CTR and EXP groups, respectively.
Shaded areas denote nighttime periods, and the white areas denote daytime periods. Observations show that the
NO2 concentrations were generally higher from late afternoon to nighttime compared to the morning, with the

Figure 12. The vertical distribution of PM2.5 concentration differences between the EXP and CTR groups at the selected typical moments. Warm colors indicate higher
concentrations in EXP compared to CTR, while cool colors represent the opposite. The wind speed and direction are the results in EXP. The thinner and thicker black
lines represent the ABLH in the CTR and EXP, respectively. The SY shows the location of the Shenyang urban area.
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highest (approximately 100 μg m− 3) occurring on the night of November 14. Both simulation groups effectively
captured these diurnal variations of NO2 concentrations. However, the EXP showed better agreement with the
observed NO2 concentrations in both magnitude and temporal trends. Specifically, during the daytime, the dif-
ference between the EXP and CTR was small. While during nighttime, the EXP group simulated significantly
lower NO2 concentrations compared to the CTR. Especially in the early morning of November 8, the NO2

concentrations in EXP were lower than those of the CTR by more than 40 μg m− 3, which were more consistent
with the observations.

The scatter plots of simulation and observation of NO2 concentrations (Figure S8 in Supporting Information S1)
reveal differences in model performance between the two simulation groups across different periods. During the
daytime, observed NO2 concentrations were below 80 μg m− 3, and the scatter distributions in both the CTR and
EXP were largely consistent, with the slopes of the fitted lines differing by only 0.03. This indicates a difference
in daytime NO2 simulation performance was small between the two groups. While, at night, observed NO2

concentrations mainly ranged from 50 to 100 μg m− 3. Most of the scatter points of CTR lay above the y = x
reference line, with a fitted slope of 1.42, indicating a significant overestimation of NO2 concentrations. While the
fitted slope of EXP was 1.05, showing that its simulated concentration values were much closer to observations.
Additionally, statistical indicators in Table 3 further confirm the EXP group had significant improvement in
simulating nighttime NO2 concentrations. The bias indicators were reduced by approximately 30% compared to
the CTR, and the improvement has passed the significance test.

Figure S7 in Supporting Information S1 shows that during the pollution episode, NO2 exhibited its lowest
concentrations around 07:00 and 13:00 LT each day, with a minor peak around 11:00–12:00 LT, and a more
pronounced peak occurring between 18:00 and 19:00 LT, reaching values above 60 μg m− 3. Both the CTR and
EXP groups captured this diurnal pattern well. However, the EXP showed a notable improvement in reducing the
overestimation of near‐surface NO2 concentrations during nighttime, particularly between 22:00 and 03:00
(day + 1) LT.

Figure 14 presents the time series of vertical profiles ofNO2 concentrations over the Shenyang urban area for (a) the
EXP, (b) the CTR, and (c) the difference in NO2 concentrations between the two simulation groups. In Figures 14a
and 14b, the color shading represents NO2 concentrations, while the black solid lines indicate the ABLH. In
Figure 14c, the color shading illustrates the concentration differences between the EXP andCTR,withwarm colors
indicating higher NO2 concentrations in the EXP and cool colors indicating the opposite. The thinner and thicker
black solid lines represent the ABLH in the CTR and EXP, respectively. As shown in the figure, there was a sharp
decrease in NO2 concentration from the near‐surface up to 300 m. The concentration differences between the two
simulation groups were larger at night. Specifically, near the surface, NO2 concentrations in the EXP were lower
than those in the CTR, while above 100 m, the EXP showed higher concentrations. This phenomenon, consistent
with the above analysis, demonstrates that the stronger turbulent diffusion in the EXP enhanced the vertical

Figure 13. Time series of NO2 concentrations over urban Shenyang. The black dots represent observed near‐surface
concentration, while the red and blue dots indicate simulated concentration in the EXP and CTR groups, respectively. Shaded
areas denote nighttime periods, and the white areas denote daytime periods.
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transport of NO2 at night. The upward transport in the EXP led to concentration differences exceeding 20 μg m− 3

compared to the CTR. During the daytime, vertical concentration differences between the two groups also existed
but were generally less than 5 μg m− 3. These findings confirm the critical role of high‐frequency TKE in pollutant
dispersion under stable nighttime conditions. Meanwhile, the NO2 concentration differences between the EXP and
CTR, driven by high‐frequency turbulence, were more pronounced than those for PM2.5.

Figures 10f–10j show the spatial distribution of near‐surface NO2 concentration differences between the EXP and
CTR at typical moments. During the EP1, the NO2 concentration differences were consistent with those of PM2.5,
showing lower concentrations over urban Shenyang and higher concentrations in the surrounding areas in the
EXP compared to the CTR. This concentration difference was more significant at night than during the daytime.
However, during the EP2, near‐surface NO2 concentrations in the EXP were lower than those in the CTR over
urban areas, which was opposite to the PM2.5 concentration difference. As a pollutant primarily derived from local
emissions, there was no vertical transport of NO2 from higher altitudes. Consequently, the concentration dif-
ferences between the two simulation groups mostly exhibited the following pattern: lower NO2 concentrations in
the EXP group within urban areas and higher concentrations in the surrounding regions. Furthermore, as a

Figure 14. Time series of vertical profiles of NO2 concentrations over urban Shenyang in (a) the EXP, (b) the CTR, and
(c) the differences between the two simulation groups. The color shading in (a, b) represents NO2 concentrations in each
simulation group, and the black solid lines show the simulated ABLH. In (c), warm colors indicate higher NO2
concentrations in EXP and cool colors indicate the opposite. The thinner and thicker black lines represent the ABLH in the
CTR and EXP, respectively.
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pollutant influenced mainly by local emissions, NO2 was more sensitive to differences in atmospheric turbulent
diffusion. Therefore, after applying the HTMC correction, the NO2 concentration differences between the EXP
and CTRwere greater than those of PM2.5. This further demonstrates that high‐frequency turbulent kinetic energy
has a more significant influence on the spatiotemporal distribution of pollutants from local emissions.

4. Conclusions
This study was based on high‐frequency and low‐frequency wind speed observations obtained from ultrasonic
anemometers and cup anemometers at various heights on the 325‐m meteorological tower in Beijing. Based on
the − 5/3 law of the turbulence energy spectrum theory, we first conducted an in‐depth analysis of how the cutoff
frequency of wind speed time series contributes to the underestimation of atmospheric turbulent kinetic energy
(TKE). To address this issue, we proposed a High‐frequency TKEModification Coefficient (HTMC) scheme and
parameterized it into the BouLac planetary boundary layer scheme of WRF‐Chem. Numerical sensitivity ex-
periments and observational validation were performed for a heavy haze pollution event in the Shenyang urban
agglomeration in November 2018. The main points are as follows:

1. When the temporal resolution of wind speed time series (such as the sampling frequency of observations or the
integration time step in models) is lower than the atmospheric turbulence dissipation frequency, the miss of
high‐frequency or small‐scale turbulent eddies leads to a systematic underestimation of TKE. This underes-
timation becomes more significant as the sampling frequency decreases.

2. The observation analysis shows that when the sampling frequency is about 0.05 Hz, the underestimation range
of TKE is 10%–37%, the missing at night is greater than that at daytime, and the missing in winter is greater
than that in summer. The maximum underestimation of about 37% occurs at night in winter, while the min-
imum underestimation of about 10% occurs during daytime in summer. Therefore, it is necessary to introduce
HTMC into the turbulence model.

3. The HTMC factor is incorporated into the BouLac PBL scheme of WRF‐Chem for numerical sensitivity
experiments and observational validation. The modified Improved BouLac scheme enhances the vertical
turbulence diffusion capacity near the surface, promoting the vertical diffusion of PM2.5 and NO2, which
results in simulated concentrations that are more consistent with the observations. The correction is particu-
larly effective at night, where the impact on pollutant diffusion is more significant. The simulation bias for
PM2.5 at night decreases from 23.77% in the control group to 6.18% in the EXP, and for NO2, the bias de-
creases from 16.30% to 5.67%. This correction significantly reduces the underestimation of atmospheric
turbulence energy, especially under special meteorological conditions such as low wind speeds and temper-
ature inversions, thereby improving the accuracy of TKE and diffusion coefficient simulations.

In summary, in this study the HTMC scheme was developed to improve the TKE simulation by considering the
contribution of high‐frequency turbulence kinetic energy. Then by introducing the HTMC scheme into the WRF‐
Chem, the performance of the WRF‐Chem model in simulating urban haze pollution events was successfully
improved. This provides valuable insights for future improvements in atmospheric pollution prediction models.
Future research could further explore the applicability and scalability of this correction scheme under different
geographical environments and meteorological conditions.
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