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Abstract. Air pollution in cities impacts public health and climate. Turbulent mixing is crucial in pollutant
formation and dissipation, yet current atmospheric models struggle to accurately represent it. Turbulent mixing
intensity varies with model resolution, which has rarely been analyzed. To investigate turbulent mixing variations
at multiple resolutions and their implications for urban pollutant transport, we conducted experiments using the
Weather Research and Forecasting model coupled with Chemistry (WRF-Chem) at resolutions of 25, 5, and
1 km. The simulated meteorological fields and black carbon (BC) concentrations are compared with observations.
Differences in turbulent mixing across multiple resolutions are more pronounced at night, resulting in noticeable
variations in BC concentrations. BC surface concentrations decrease as resolution increases from 25 to 5 km and
further to 1 km, but they are similar at 5 and 1 km resolutions. Enhanced planetary boundary layer (PBL) mixing
coefficients and vertical wind flux at higher resolutions reduce BC surface concentration overestimations. The
1 km resolution parameterized lower mixing coefficients than 5 km but resolved more small-scale eddies, leading
to similar near-surface turbulent mixing at both resolutions, while the intensity at higher altitudes was greater
at 1 km. This caused BC to be transported higher and farther, increasing its atmospheric lifetime and column
concentrations. Variations in mixing coefficients are partly attributed to differences in land use and terrain, with
higher resolutions providing more detailed information that enhances PBL mixing coefficients, while grid size
remains crucial in regions with more gradual terrain and land use changes. This study interprets how turbulent
mixing affects simulated urban pollutant diffusion at multiple resolutions.

Key points. 3. Detailed land use and terrain in high-horizontal-resolution
models enhance PBL mixing, refining pollutant transport and

1. Higher horizontal resolutions improve BC surface concentra- urban air quality simulations.

tion predictions by enhancing PBL mixing and vertical wind
flux, especially at night.

2. Small-scale eddies resolved at higher horizontal resolutions
strengthen vertical fluxes, increasing BC atmospheric lifetime
and column concentrations.
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1 Introduction

Since the middle of the 19th century, rapid economic growth
and urbanization have caused severe regional haze and pho-
tochemical smog pollution (Li et al., 2015, 2019; Ma et
al., 2019). A variety of air pollution episodes mainly occur in
cities (Chan and Yao, 2008). Exposure to atmospheric partic-
ulate matter is one of the major threats to public health (Yin
etal., 2017; Liu et al., 2019). Accurate pollutant estimation is
crucial for the realization of pollution prevention goals. Pol-
lution processes are affected by many different factors, such
as pollution source emissions (Li et al., 2017a), physical and
chemical characteristics of aerosols (Riccobono et al., 2014,
Zhao et al., 2018), topographic effects (Zhang et al., 2018),
and meteorological conditions (Ye et al., 2016). Significantly,
pollutant concentrations are mainly gathered within the plan-
etary boundary layer (PBL), and PBL mixing processes are
associated with intricate turbulent eddies (Stull, 1988), which
significantly affect the horizontal transport and vertical diffu-
sion of pollutants (Wang et al., 2018; Du et al., 2020; Ren et
al., 2020, 2021), as well as the formation of new aerosol par-
ticles (Wu et al., 2021).

The mechanism of turbulent transport has been widely in-
vestigated. The vertical diffusion of pollutants in urban ar-
eas is affected by the structure of the urban boundary layer
(UBL), and different structures may lead to an uneven spa-
tial distribution of pollutants (Han et al., 2009; Zhao et
al., 2013c). First, meteorological conditions play dominant
roles in the turbulent mixing of air pollutants within the at-
mospheric boundary layer (ABL) (Xu et al., 2015; Miao et
al., 2019). Unstable meteorological conditions enhance tur-
bulence, promoting pollutant dispersion, while stable con-
ditions suppress it, leading to pollutant accumulation. Pre-
vious studies have indicated that constant stagnant winds
and increased water vapor density inhibit the vertical diffu-
sion of pollutants, resulting in the explosive growth of pol-
lutants (Zhang et al., 2015a, b; Wei et al., 2018; Zhong et
al., 2018). Under these stable conditions, the inherent char-
acteristics of the stable boundary layer (SBL), particularly
turbulence intermittency (Costa et al., 2011), affect the heavy
urban haze events by altering surface—atmosphere exchanges
(Wei et al., 2018; Ren et al., 2019a, b; Wei et al., 2020; Ren
et al., 2021; Zhang et al., 2022). Second, diurnal variations
in turbulent mixing between day and night significantly in-
fluence changes in pollutant concentrations (Li et al., 2018;
Liu et al., 2020). In the daytime convective boundary layer
(CBL), pollutants can be mixed uniformly in a thick layer
due to intense turbulent mixing (Sun et al., 2018). In contrast,
in the nighttime SBL, reduced mixing and dispersion result
in the accumulation of pollutants near the surface (Holmes
et al., 2015). Severe urban haze pollution formation is typ-
ically accompanied by the development of a nocturnal SBL
(Pierce et al., 2019; Li et al., 2020; Zhang et al., 2020; Li et
al., 2022). Moreover, pollutants in the residual layer can be
mixed downward to the surface with the development of the
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ABL the next morning (Chen et al., 2009; Sun et al., 2013;
Quan et al., 2020). Overall, the impact of turbulent mixing
on urban pollution is important and complex.

Numerical simulation is an important method for studying
turbulent mixing. However, there are still challenges asso-
ciated with accurately representing turbulent mixing in nu-
merical models. Previous research has indicated that turbu-
lent mixing in current atmospheric chemical models is in-
sufficient to capture stable atmospheric conditions, poten-
tially leading to rapid increases in severe haze in urban areas
(Wang et al., 2018; Peng et al., 2018; Ren et al., 2019b; Du et
al., 2020). Some studies have revealed that simulations using
the Weather Research and Forecasting model coupled with
Chemistry (WRF-Chem) underestimate turbulent exchange
within stable nocturnal boundary layers, allowing unrealis-
tic accumulation of pollutants near the surface (Tuccella et
al., 2012; Berger et al., 2016). Additionally, PBL parameter-
ization schemes in current models may not accurately rep-
resent intricate turbulent mixing, particularly with respect
to complex terrains, urban areas, or extreme weather condi-
tions. Research has revealed that different PBL parameteriza-
tion schemes employed in WRF-Chem tend to underestimate
turbulent mixing when compared to observations (Hong et
al., 2006; Banks and Baldasano, 2016; Kim et al., 2006). Tur-
bulent mixing coefficients diagnosed in atmospheric models
characterize the intensity of turbulent mixing (Cuchiara et
al., 2014). However, these models frequently underestimate
mixing coefficients during the nighttime. Previous research
has employed various approaches to address this limitation.
Du et al. (2020) demonstrated that increasing the lower limit
of PBL mixing coefficients during nighttime significantly re-
duced the modeling biases in simulated pollutant concentra-
tions. Jia and Zhang (2021) utilized the new modified tur-
bulent diffusion coefficient to represent the mixing process
of pollutants separately and improved the simulation results
of pollutant concentrations. Jia et al. (2021) employed the
revised turbulent mixing coefficient of particles using high-
resolution vertical flux data of particles according to the mix-
ing length theory and improved the overestimation of pollu-
tant concentrations. In conclusion, current atmospheric mod-
els commonly face several challenges with respect to accu-
rately simulating turbulent mixing.

The representation of turbulent mixing in models is influ-
enced by various factors, including the grid resolution, to-
pography, boundary layer parameterization, atmospheric dy-
namics, and land surface processes. Among these factors,
model resolution can significantly affect turbulent mixing
processes in atmospheric simulations, with simulated turbu-
lent mixing varying substantially across different resolutions.
Qian et al. (2010) evaluated model performance at resolu-
tions of 3, 15, and 75 km, finding that only simulations at
a 3 km resolution accurately captured multiple concentration
peaks in observational data, indicating that turbulent mixing
may play a critical role in simulating pollutant concentra-
tions. Fountoukis et al. (2013) conducted model simulations
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at three resolutions and demonstrated that a higher resolution
reduced the bias in the BC concentration by more than 30 %
in the Northeastern United States during winter, attributing
this improvement to better-resolved pollutant dispersion. Tao
et al. (2020) found that changes in model resolution led to in-
creased pollutant concentrations in urban areas but decreased
concentrations in western mountain regions, likely due to
differences in vertical and horizontal dispersion. In conclu-
sion, previous research has primarily focused on comparing
pollutant concentrations across different model resolutions,
demonstrating that resolution significantly affects pollutant
distribution and dispersion. These studies suggest that tur-
bulent mixing may play a crucial role. However, few stud-
ies have systematically explored the specific mechanisms by
which turbulent mixing influences pollutant concentrations
simulated at multiple resolutions, despite their importance in
determining urban atmospheric pollution.

Motivated by the aforementioned problems, this study
aims to investigate differences in pollutant concentrations
across multiple resolutions and explore how turbulent mix-
ing plays a crucial role in affecting pollutant concentrations
at various resolutions. Furthermore, we seek to determine
whether higher-resolution simulations can address the is-
sue of inaccurate turbulent mixing in current models. WRF-
Chem is applied to simulate pollutant and meteorological
fields during the spring of 2019 in Hefei, a typical megacity
and subcenter of the Yangtze River Delta (YRD) urban ag-
glomeration in China, with a population of nearly 10 million
and an area of 11445 km?. Our study interprets the various
characteristics of black carbon (BC) distributions simulated
at multiple resolutions and focuses on the mechanisms in-
volved. BC is selected as the primary pollutant for this study
due to its near-inert nature in the atmosphere and the fact
that it can be treated as a representative tracer for turbulent
mixing.

This remainder of this paper is organized as follows:
Sect. 2 introduces the WRF-Chem model configuration, the
design of multiple-resolution experiments, emissions from
different sources, and observational data; Sect. 3 evaluates
model simulations across multiple resolutions against obser-
vations, presents the spatial distributions of surface and col-
umn concentrations simulated at three resolutions, and inves-
tigates the important turbulent mixing processes that gener-
ate spatial variability in pollutant concentrations; and Sect. 4
presents the conclusion and discussion of the analysis.

2 Methodology

2.1 Models and experiments
2.1.1  WRF-Chem

The non-hydrostatic Weather Research and Forecasting
(WRF) model includes various options for dynamic cores
and physical parameterizations that can be used to simulate
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atmospheric processes over a wide range of spatial and tem-
poral scales (Skamarock et al., 2008). WRF-Chem, the chem-
istry version of the WRF model (Grell et al., 2005), simu-
lates trace gases and particulates interactively with the me-
teorological fields. WRF-Chem treats the photochemistry of
trace gases and aerosol-related processes with various differ-
ent schemes (e.g., the Statewide Air Pollution Research Cen-
ter, SAPRC99, photochemical mechanism and the Model for
Simulating Aerosol Interactions and Chemistry, MOSAIC).
In this study, the version of WRF-Chem updated by the Uni-
versity of Science and Technology of China (USTC version
of WRF-Chem) is used. Compared with the publicly released
version, this USTC version of WRF-Chem includes some ad-
ditional functions such as the diagnosis of radiative forcing of
aerosol species, land surface coupled biogenic VOC (volatile
organic compound) emission, aerosol-snow interaction, im-
proved PBL mixing of aerosols, and a detailed diagnosis of
the contributions of each crucial process to pollutant concen-
trations (Zhao et al., 2013a, b, 2014, 2016; Hu et al., 2019;
Du et al., 2020; Zhang et al., 2021).

The configuration of WRF-Chem in this study is given in
Table 1. The SAPRC99 photochemical mechanism (Carter,
2000) is chosen to simulate the gas-phase chemistry, and
MOSAIC is selected for aerosol processes (Zaveri and Pe-
ters, 1999; Zaveri et al., 2008). The MOSAIC aerosol scheme
includes important physical and chemical processes such as
nucleation, condensation, coagulation, aqueous-phase chem-
istry, and water uptake by aerosols. Sulfate, nitrate, ammo-
nium, sea salt, mineral dust, organic matter (OM), BC, and
other (unspecified) inorganics (OIN) constitute the prognos-
tic species in MOSAIC. The aerosol direct effect is coupled
to the Rapid Radiative Transfer Model (RRTMG) (Mlawer
et al., 1997; Iacono et al., 2000) for both SW (shortwave)
and LW (longwave) radiation, as implemented by Zhao
et al. (2011). We also turned on the aerosol indirect ef-
fect, which represents the interactions between aerosols and
clouds, including the first and second indirect effects, acti-
vation/resuspension, wet scavenging, and aqueous chemistry
(Gustafson et al., 2007; Chapman et al., 2009). The photoly-
sis rate is computed by the Fast-J radiation parameterization
(Wild et al., 2000). Our simulation includes the secondary
organic aerosol (SOA) mechanism, a crucial aerosol process
that can substantially reduce discrepancies between simu-
lated results and observations.

Another type of option is meteorological physics, includ-
ing the Yonsei University (YSU) nonlocal PBL parameter-
ization scheme (Hong et al., 2006), the Noah land surface
model (Chen and Dudhia, 2001) for the surface layer process,
the Morrison two-moment scheme (Morrison et al., 2009) for
cloud microphysics, and the Rapid Radiative Transfer Model
(RRTMG) for LW and SW radiation. The 25 km resolution
simulation turns on the option of cumulus parameterization,
which uses the Kain—Fritsch cumulus and shallow convec-
tion scheme (Kain, 2004) to simulate sub-grid-scale clouds
and precipitation. However, this option is turned off in the
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Table 1. WRF-Chem model configuration.

Z. Yang et al.: Modeling urban pollutant transport at multiple resolutions

Horizontal resolution
Domain size (grid cells)
Simulation period
Gas-phase chemistry scheme
Radiation scheme

PBL scheme

Microphysics scheme

Land surface scheme
Cumulus scheme

Surface layer scheme
Longwave radiation scheme
Shortwave radiation scheme

25,5, and 1 km

140 x 105, 250 x 250, and 150 x 150
5 to 21 March 2019

SAPRC99 mechanism

Fast-J

Yonsei University (YSU) scheme
Morrison two-moment scheme

Noah land surface scheme
Kain—Fritsch (25 km grid only)
Revised MM5 Monin—Obukhov scheme
RRTMG scheme

RRTMG scheme

other two higher-resolution simulations because a fine reso-
lution is sufficient to resolve the cloud-forming processes.

2.1.2 Numerical experiments

The study period spans from 5 to 20 March 2019. Following
previous research (Gustafson et al., 2011), the first 5d are
considered to be the model spin-up time, while the remaining
integration period is used for analysis. Consequently, only
the results from 10 to 20 March 2019 are used in the anal-
ysis of this study. Three different resolutions and compu-
tational domains are employed in our study. The outer do-
main, covering East, North, and South China, has 140 x 105
grid cells (17.1-44.9°N, 107.1-127.9°E) with a horizon-
tal resolution of 25 km. The middle domain, encompassing
the entire YRD region in East China, has 250 x 250 grid
cells (27.02-36.98°N, 111.82-121.78°E) with a resolution
of Skm. The inner domain, covering most of the Hefei re-
gion, consists of 150 x 150 grid cells (31.204-32.396° N,
116.604—117.796° E) at a horizontal resolution of 1 km. The
center of the inner domain is the city of Hefei, a typical
megacity of East China. Hefei, the capital city of Anhui
Province, is located in the midlatitude zone with a humid
subtropical monsoon climate and serves as a representative
case for this study. The regions are shown in Fig. S1 in the
Supplement. To facilitate the comparison of discrepancies
among the three simulations at different resolutions, we have
selected the innermost region as the main scope of study for
this research, as shown in Fig. 1a.

In this study, we derive terrain information from high-
resolution (~ 1km) US Geological Survey (USGS) topo-
graphic data and interpolate it onto the WRF grid. Therefore,
the three domains with different resolutions exhibit varying
degrees of terrain detail. The 1km grid resolves the most
intricate topographic features, followed by the 5Skm grid,
while the 25 km grid captures the least spatial detail. These
multiple-resolution topographic representations potentially
influence pollutant turbulent mixing processes, which will
be analyzed in this study. The land cover dataset is derived
from a 1 km horizontal resolution dataset for China (Zhang
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et al., 2021). The land use categories follow the USGS 24-
category classification, and the dataset is based on China’s
land cover conditions as of 2015. This provides a more ac-
curate representation of current land cover, particularly for
eastern China, which has experienced intensive urban expan-
sion since the 2000s. Figure 1b shows the land cover data
at different resolutions, with detailed descriptions of the leg-
end and land cover classes provided in Table S1 in the Sup-
plement. This set of simulations is referred to as the “base-
line experiment”’. With the exception of part of Sect. 3.2.3,
all other analyses in this study are based on the results of
these baseline experiments. Moreover, to explore the differ-
ences in turbulent mixing simulated at multiple resolutions
under consistent land use conditions, we conducted an addi-
tional set of sensitivity experiments referred to as the “sensi-
tivity experiment”’. The sensitivity experiment was identical
to the baseline experiment, except it used the default USGS
land use category data in WRF. Notably, these default USGS
data in WRF’s geographical static database represent Chi-
nese land use patterns before the 2000s, as shown in Fig. S2.
This default dataset reflects the land use distribution prior
to China’s significant urbanization. Consequently, the land
use data types have minor variations and remained generally
consistent across all three resolutions in the sensitivity exper-
iment.

On the other hand, the vertical configuration within the
PBL is also crucial for accurately modeling pollutant disper-
sion. To better resolve the PBL structure and mixing pro-
cesses, we implemented a finer vertical resolution within
the PBL. Identical vertical layer distributions are maintained
across all three horizontal resolutions (25, 5, and 1km), en-
suring direct comparability of turbulent mixing across dif-
ferent horizontal resolutions. A total of 50 terrain-following
vertical n layers extending from the surface to approximately
15km were used in all three resolution simulations, with
30 layers distributed below 2km above the ground to de-
scribe the atmospheric boundary structure in detail. The ver-
tical layer was strategically designed with seven layers below
200 m (each approximately 20 m in height), three layers be-
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Figure 1. (a) The terrain height (m) in the study area for simulations with respective resolutions of 25 km (left), 5 km (middle), and 1km
(right). (b) Spatial distribution of land use types in the study area for simulations with respective resolutions of 25 km (left), 5 km (middle),
and 1 km (right). The solid black triangle indicates the location of the USTC site.

tween 200 and 300 m (each about 30 m in height), and eight
layers between 300 and 1000 m (each approximately 80 m in
height). This configuration comprehensively captures mixed-
layer development and key turbulent processes (e.g., entrain-
ment and surface flux exchange) through layer densification,
which is sufficient to capture PBL turbulent mixing. Jiang et
al. (2024) and Jiang and Hu (2023) have demonstrated that
the number of model vertical layers primarily influences the
vertical distribution, with more vertical grid layers producing
a more stable vertical structure under stable boundary condi-
tions that better resolves boundary layer turbulence.

In order to allow for a straightforward comparison of
multiple-resolution simulations and facilitate the identifica-
tion of differences between the high- and low-resolution sim-
ulations, the corner locations of the 1 and 5km resolution

https://doi.org/10.5194/acp-25-8831-2025

domains are aligned with the corner locations of the 25 km
grid cell. Each grid cell in the 25 km simulation consists of
a 5 x 5 set of cells from the 5 km simulation, and each grid
cell in the 5km simulation comprises 5 x 5 cells from the
1 km simulation, as shown in Fig. S3. Thus, exactly 25 grids
at 5 km resolution and 625 grids at 1 km resolution are em-
bedded within each 25 km grid cell.

To ensure similar boundary forcing across the three simu-
lations, initial and boundary conditions are handled differ-
ently for the 25, 5, and 1km resolution domains. For the
25 km resolution, meteorological initial and lateral bound-
ary conditions are obtained from the National Center for En-
vironmental Prediction (NCEP) Final (FNL) reanalysis data
with a 1° x 1° resolution and 6h temporal resolution. Ini-
tial and boundary conditions for the trace gases and aerosol
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species are provided by the quasi-global WRF-Chem sim-
ulation with 360 x 145 grid cells (67.5° S-77.5° N, 180° W—
180°E) at a 1° x 1° resolution. The initial and boundary con-
ditions for the simulation at 5 km resolution are derived from
the simulation at 25 km resolution. Similarly, the initial and
boundary conditions for the simulation at 1 km resolution are
derived from the simulation at 5 km resolution. In this way,
as the forcing for the study area is consistent across multiple
resolutions, differences in simulation results among multiple
resolutions can be attributed to disparities in model resolu-
tions.

2.1.3 Emissions

Anthropogenic emissions for the outer quasi-global sim-
ulation are derived from the Hemispheric Transport of
Air Pollution version-2 (HTAPv2) emission inventory at
a 0.1° x 0.1° horizontal resolution and monthly tempo-
ral resolution for 2010 (Janssens-Maenhout et al., 2015).
The Multi-resolution Emission Inventory for China (MEIC)
at a 0.25° x 0.25° horizontal resolution for 2019 (Li et
al., 2017a, b) is used to replace emissions over China within
the simulation domain. Emission differences significantly
contribute to pollutant concentration variability across multi-
ple resolutions. Qian et al. (2010) showed that sub-grid vari-
ability in emissions can contribute up to 50 % of the variabil-
ity near Mexico City. To eliminate the impact of inconsistent
emissions on pollutant concentrations simulated at multiple
resolutions, we ensured emission consistency across all three
domains by interpolating emissions for all species from the
25 km resolution domain to both the 5 and 1km resolution
domains. This study primarily focuses on BC. The spatial
distribution of BC emissions is shown in Fig. 2. Figure S4 il-
lustrates BC emissions at three different resolutions, demon-
strating similar spatial patterns across multiple resolutions.
Biomass-burning emissions are obtained from the Fire In-
ventory from NCAR (FINN) at a 1 km horizontal resolution
and 1h temporal resolution (Wiedinmyer et al., 2011). The
diurnal variation in biomass-burning emissions follows the
suggestions by WRAP (2005), with injection heights based
on Dentener et al. (2006) from the Aerosol Comparison be-
tween Observations and Models (AeroCom) project. Bio-
genic emissions were calculated using the Model of Emis-
sions of Gases and Aerosols from Nature (MEGAN) version
3.0 (Guenther, 2006; Zhang et al., 2021).

2.2 Observational data
2.2.1 Meteorological data

The meteorological data were obtained from the observation
tower at the University of Science and Technology of China
(USTC) in Hefei, Anhui, China (31.84° N, 117.27°E), indi-
cated by a solid black triangle in Fig. 1a. The tower measures
temperature, relative humidity, wind speed, and wind direc-
tion at 2, 4.5, 8, 12.5, and 18 m heights. This site represents
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Figure 2. Spatial distribution of BC emissions in the study area.
The solid black triangle indicates the location of the USTC site.

a typical urban surface within the study area. The tower was
installed on the roof of a teaching building, with its top 17 m
above the canopy plane. It is equipped with three R.M. Young
03002 anemometers and three HPM155A temperature and
humidity sensors to measure the aforementioned meteoro-
logical parameters (Yuan et al., 2016; Liu et al., 2017). This
study focuses on analyzing temperature, relative humidity,
and wind speed.

Additionally, we employed meteorological data from au-
tomatic weather stations (AWSs), which were established
based on the operational standards issued by the China Me-
teorological Administration (CMA, 2018). The hourly data
underwent quality control (QC) by the local meteorological
bureaus of Anhui, following World Meteorological Organi-
zation guidelines (Estevez et al., 2011). The QC included
checks of consistency, such as internal, temporal—spatial, and
climatic range validations. These QC data were used to deter-
mine daily mean, minimum, and maximum meteorological
variables. The AWSs recorded various parameters, including
air temperature (7', °C), wind speed (U, m s, air pressure
(P, Pa), and wind direction. In this study, we focus on the 3-
hourly 2 m temperature and 10 m wind speed obtained from
four AWSs located in the study region. The four AWS sites
are marked by solid purple dots in Fig. S5.

2.2.2 Pollutant data

We used the hourly BC observations from the air quality
monitoring site on the campus of USTC during spring (10 to
20 March 2019). In this study, we focus on analyzing BC
observational data and comparing them with model output.
BC was observed using a multi-angle absorption photome-
ter (MAAP, Model 5012) manufactured by Thermo Scien-
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tific. This instrument is located approximately 260 m north
of the USTC meteorological tower. It takes advantage of
the strong visible light absorption properties of BC aerosols.
There is a linear relationship between the attenuation of the
beam after passing through the aerosol sample and the load
of BC aerosols on the fiber membrane. The BC concentration
is derived by inverting this relationship. A light-scattering
measurement is incorporated into the chamber to correct for
multiple-scattering effects caused by particle accumulation
on the filter tape. The MAAP-5012 black carbon meter col-
lects atmospheric aerosols using glass fiber filter membranes
and observes them at a wavelength of 670 nm.

Although this study primarily focuses on the simulation
of BC, we conducted a comprehensive validation of other
air pollutants to ensure the reliability of the simulation re-
sults. However, after being initially obtained via a parameter-
ized PBL scheme, the mixing coefficients for gases are then
clipped to empirically chosen thresholds of 1 m?s~! over ru-
ral regions and 2 m? s~! over urban regions, with the distinc-
tion between rural and urban regions made based on the lo-
cal CO emission strength. Thus, the boundary layer mixing
coefficient for gases in the WRF-Chem model is implicitly
influenced by emission resolution rather than directly con-
trolled by model resolution. Consequently, the existing ad-
justment process for gas mixing coefficients, which relies
on CO emission strength, is unsuitable for studying the im-
pact of model resolution on the turbulent mixing of gaseous
pollutants. In contrast, the mixing coefficients for particu-
late matter are directly calculated through boundary layer pa-
rameterization without subsequent modifications. The pub-
licly available version of WRF-Chem defines a default lower
limit of 0.1 m? s~ for particulate matter mixing coefficients.
We did not implement the adjustment proposed by Du et
al. (2020), who suggested raising the lower limit of the PBL
mixing coefficient from 0.1 to Sm?s~! within the PBL. Al-
though setting specific thresholds can improve simulation re-
sults, such thresholds are predominantly empirical in nature,
whether based on CO and PM; 5 emissions or the 5m?s™!
threshold suggested by Du et al. (2020). These threshold ad-
justments effectively compensate for missing physical pro-
cesses in the model by artificially enhancing mixing inten-
sity. Our approach focuses on understanding the physical
mechanisms responsible for the model’s underestimation of
nighttime mixing intensity, with a particular emphasis on
how the model resolution affects turbulent mixing processes.
Rather than employing empirical thresholds to align model
output with observations, we aim to investigate the funda-
mental causes of the discrepancies. We contend that thresh-
old approaches rely heavily on empirical data, lack suffi-
cient theoretical foundation, and may impede comprehensive
understanding of the underlying physical processes. Conse-
quently, this work utilizes the default particulate matter tur-
bulent mixing coefficients in the model for our analyses. In
this study, we limited our additional validation to PM; s (fine
particulate matter with an aerodynamic diameter of less than
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2.5um), as its mixing processes are governed by the same
resolution-dependent mechanisms as BC. Ground observa-
tions of hourly PM» 5 surface concentrations during March
2019 were obtained from the website of the Ministry of Envi-
ronmental Protection of China (MEP of China). As our study
concentrates on the Hefei region, we selected 10 monitoring
stations within this area for detailed analysis. These stations
are marked using black triangles in Fig. S5.

While hourly observations for both meteorology and pol-
lutants are available, model outputs are provided at 3 h in-
tervals to balance computational efficiency and storage re-
quirements. Hourly output data would provide a higher tem-
poral resolution but would significantly increase storage de-
mands. Given that we ran simulations at multiple resolutions
(25, 5, and 1 km), hourly outputs would have generated pro-
hibitively large data volumes. On the other hand, this 3h
output interval remains sufficient for our primary research
objective of analyzing daily pollutant variations (particularly
BC) rather than precise hourly comparisons. This approach
effectively captures daily variability patterns without losing
essential detail. For direct comparisons, hourly observations
were sampled to match our 3 h model output intervals.

3 Results

3.1 Simulated meteorological fields at various horizontal
resolutions

Meteorological fields may play a crucial role in turbulent
mixing and pollutant transport. In this study, we evaluate
time series of simulated temperature, wind speed, and rel-
ative humidity across three resolutions against observational
data to assess resolution impacts on these key meteorologi-
cal variables. Figure 3a compares the time series of observed
and simulated 8 m wind speeds at the USTC site (31.84° N,
117.27°E). Simulation results among multiple resolutions
are similar, which is attributed to the relatively flat and un-
complicated topography. The temporal trends in the simula-
tions closely align with observational data, exhibiting distinct
diurnal variations characterized by higher values during the
daytime and lower values at night. Additionally, the model
struggles to capture some moments accurately, overestimat-
ing wind speed when it suddenly increases. For instance,
at noon on 20 March, while the observed peak wind speed
was approximately 6 ms~!, simulations at 25 and 5 km res-
olutions produced maximum wind speeds of approximately
9ms~!, significantly exceeding the observed value, with
only the 1km resolution simulation yielding results close
to the observation. Figure 3b compares the 2m tempera-
ture simulated at three different resolutions with the observa-
tions. The multiple-resolution simulation results exhibit re-
markable consistency and closely align with observations.
Temperature displays a pronounced diurnal variation, fluc-
tuating between 5 and 30°C with relative stability. However,
the model occasionally underestimates or overestimates val-
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ues at certain time points. As shown in Fig. 3c, the multiple-
resolution simulation results demonstrate consistency and ac-
curately capture the diurnal variation trend in the observed
relative humidity (RH). Model results are highly consistent
with observations, with both reaching a maximum of 100 %.

Additionally, Fig. S6 displays the time series of observed
and simulated meteorological variables averaged across four
AWSs in the study region. Figure S6a presents a compari-
son of the 10 m wind speed simulated at three different res-
olutions, revealing generally consistent results with observa-
tions. The overall pattern is similar to that observed at the
single USTC station, characterized by a clear diurnal vari-
ation with higher wind speeds during daytime and lower
speeds at night. However, simulations at all three resolu-
tions occasionally deviate from observations. For example,
on 11 March, the 5 and 1 km resolution models overestimate
the wind speed at approximately 7ms~! compared to the
observed 4ms~!. Conversely, on 14 March during the day-
time, all three resolutions underestimate the wind speed, sim-
ulating around 2 ms~! against an observed value of 4ms~!.
Figure S6b compares the simulated 2 m temperatures across
three resolutions with observational data. The simulated tem-
peratures are remarkably similar across all resolutions and
show a strong correlation with observations throughout most
of the study period. Only a few outliers were noted, which
minimally impact the overall pattern. For example, models
at all resolutions overestimate the temperature at noon on
20 March, simulating approximately 28 °C, whereas the ob-
served temperature is only about 20 °C.

In summary, the simulated meteorological variables
across multiple resolutions demonstrate strong similarity and
closely match the observations, with only occasional minor
discrepancies. However, our subsequent analysis reveals that
the variations in pollutant concentrations across multiple res-
olutions cannot be attributed to the minor discrepancies ob-
served in the time series of meteorological variables.

3.2 Simulated BC surface concentrations and impacts
of turbulent mixing at various horizontal resolutions

3.2.1 Surface concentrations simulated at three different
horizontal resolutions

The spatial distribution of BC surface concentrations across
multiple resolutions in the study area is illustrated in Fig. 4.
As the resolution improves from 25 to 5km and further to
1 km, BC surface concentrations reveal more detailed spa-
tial features. Figure 4a presents the simulation results across
multiple resolutions, averaged over the whole day. Signifi-
cant variations exist from coarse resolutions to fine resolu-
tions, with surface concentrations decreasing as resolution
increases from 25 to 5km and further to 1 km. BC surface
concentrations range from 0 to 9 ugm™>. At 25km resolu-
tion, there is a notable discrepancy between the spatial dis-
tributions of BC concentrations and emissions (Fig. 2). The
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highest simulated concentration at 25km resolution is lo-
cated west of the USTC site, while maximum emissions are
centered at the USTC site. Our analysis indicates that the dif-
ference in turbulent mixing between these two regions leads
to spatial inconsistency between BC surface concentrations
and emissions. The details of this phenomenon will be dis-
cussed in Sect. 3.2.2. Figure 4b illustrates the spatial distri-
bution of BC surface concentrations during the daytime. The
differences in surface concentrations among multiple resolu-
tions are minimal, with values falling within the range of O to
5ugm™3. In the central urban areas, the BC surface concen-
tration simulated at a 25 km resolution is marginally lower
than those simulated at finer resolutions. Moreover, during
the daytime, simulated BC concentrations over the Chaohu
Lake area are notably higher than in other regions, poten-
tially due to the impact of dry deposition velocity. Figure S7
shows the spatial distribution of dry deposition velocity, re-
vealing lower values over lakes compared to other areas. This
lower dry deposition velocity leads to higher pollutant con-
centrations over lakes compared to land areas after pollutant
transport to the lake surface during the daytime. At night, dry
deposition velocity is similar to that of surrounding nonurban
land areas. Consequently, nighttime BC concentrations over
lakes are approximately equal to those in surrounding areas.
Figure 4c demonstrates the spatial distribution of BC surface
concentrations during nighttime. Compared to daytime, BC
surface concentrations are notably higher in all major urban
regions at night, with high-resolution simulations capturing
more spatial variation. In conclusion, BC surface concentra-
tions decrease as the resolution increases from 25 to Skm
and further 1 km. However, the spatial distribution of BC sur-
face concentrations at resolutions of 5 and 1 km are similar
throughout the whole day.

To facilitate a more accurate and direct comparison of
results across multiple resolutions, we refine coarse grids
to match fine grids. The detailed refinement process is de-
scribed in Sect. S1 in the Supplement. Figure S8a exhibits
the spatial differences in BC surface concentrations be-
tween resolutions of 25 and 5km and between resolutions
of 25 and 1 km averaged over the whole day. It reveals that
coarse-resolution (25km resolution) simulations generally
yield higher BC surface concentrations than fine-resolution
(5 and 1km resolution) simulations across most areas. The
largest disparities mainly occur in central urban areas with
complex underlying surfaces and complicated flow patterns.
Figure S8b demonstrates the spatial differences in BC sur-
face concentrations between resolutions of 25 and 5 km and
between resolutions of 25 and 1km during the daytime, re-
vealing smaller disparities mostly ranging between —1 and
1ugm™3. In contrast, Fig. S8c depicts pronounced differ-
ences in BC concentrations between resolutions of 25 and
S5km and between resolutions of 25 and 1km during the
nighttime, with most areas exhibiting disparities exceeding
2ugm™3. The largest differences are mainly concentrated in
urban areas. These findings indicate that diversities in BC
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Figure 3. USTC meteorological tower observation site time series of observed (black dot) and simulated wind speed at (a) 8 m (unit: m g1 ),
(b) temperature at 2m (unit: °C), and (c) relative humidity (unit: %) at respective resolutions of 25 km (solid blue line), 5km (solid pink

line), and 1 km (solid orange line).

surface concentrations among multiple resolutions are pri-
marily attributable to nocturnal concentrations in urban ar-
eas. However, differences between 5 and 1 km resolutions are
small compared to those between 25 km and finer resolutions
(5 and 1km). BC surface concentrations are approximately
equal in the 5 and 1 km simulations, as shown in Fig. S9.
Furthermore, BC observations from the USTC monitor-
ing station were utilized to validate the simulated BC sur-
face concentrations. Figure 5 illustrates the diurnal variation
in BC surface concentrations averaged over the USTC site.
Both observations and simulations exhibit a pronounced di-
urnal variation, with lower concentrations during the day-
time and higher concentrations at night. During the daytime,
BC surface concentrations simulated at three resolutions are
comparable to the observational data. However, nighttime
simulations significantly overestimate BC surface concentra-
tions. As resolution increases from 25 to 5 and 1 km, the sim-
ulated surface concentrations decrease, aligning more closely
with observations. The 25 km resolution simulations yield
the highest concentrations, with a maximum value of ap-
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proximately 12 ugm™3, nearly double the observed values.
In contrast, BC surface concentrations simulated at 5 and
1 km resolutions are similar and more closely align with noc-
turnal observations, peaking at around 9 uygm~3. In conclu-
sion, the diurnal variation in the observation is better cap-
tured by high-resolution (5 and 1 km) simulations. The per-
formance of BC surface concentrations across multiple reso-
lutions demonstrates that a coarse grid spacing inadequately
captures local pollutant distributions.

To verify the accuracy and comprehensiveness of the sim-
ulation results, we further analyzed the diurnal variation in
PM, s surface concentrations. Figure S10 illustrates the di-
urnal variation in simulated PM, s surface concentrations
across multiple resolutions compared with observations. The
diurnal pattern of PMj 5 closely resembles that of BC,
characterized by higher concentrations at night and lower
concentrations during daytime. Across all resolutions, the
model slightly underestimates daytime PM; 5 surface obser-
vations while overestimating nighttime values. Notably, an
increased horizontal resolution substantially improves noc-
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turnal simulations. The 25 km resolution simulation gener-
ates an anomalous midnight peak (105 ugm™3), resulting in
a +61 % bias, whereas the 5 and 1 km resolutions substan-
tially mitigate these deviations to approximately 30 %. To
further examine the contribution of each PM»> 5 component
to the diurnal variation across multiple resolutions, Fig. S11
shows the diurnal variations in four PM; 5 constituents — sul-
fate (SOﬁ_), nitrate (NO;), OIN, and organic carbon (OC)
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— averaged over 10 MEP sites in Hefei. Significant differ-
ences emerge in the diurnal variations in these components
across multiple-resolution simulations. Specifically, the sur-
face concentrations of NO5', OIN, and OC exhibit a consis-
tent diurnal pattern, with lower concentrations during day-
time and higher concentrations at night. As resolution in-
creases from 25 to 5 and 1km, the simulated components
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Figure 5. Diurnal variation in BC surface concentrations within
24 h averaged over the USTC site during the study period for 25 km
(solid blue line), 5 km (solid pink line), and 1 km (solid orange line)
resolution simulations and observations (black dot). Both the simu-
lated results and observations are sampled at the model output fre-
quency, i.e., 3h.

surface concentrations decrease, aligning more closely with
observations.

The total concentration of PMj;s and its components
demonstrates significant sensitivity to horizontal resolutions.
Coarse-resolution simulations underestimate the turbulent
mixing capacity, resulting in overestimated concentrations.
Higher-resolution simulations more accurately capture ver-
tical mixing within the PBL. For secondary particles such
as sulfates and nitrates, formation rates depend heavily on
local precursor substance concentrations (SO, and NO,).
Higher-resolution simulations may enable the more realis-
tic representation of precursor substance diffusion, leading
to reduced local concentration gradients and, consequently,
slower secondary aerosol formation rates. Additionally, vari-
ations in PM, 5 surface concentrations across multiple reso-
lutions may also stem from complex secondary particle gen-
eration mechanisms. For instance, the liquid-phase oxidation
of sulfates in clouds is sensitive to the local cloud water dis-
tribution, with higher resolutions better capturing small-scale
cloud structures that potentially alter the sulfate formation
efficiency. The formation of ammonium nitrate (NH4NO3)
is particularly sensitive to temperature and humidity varia-
tions. At higher resolutions, temperature and humidity gra-
dients induced by urban heat island effects or topographical
variations can be more realistically simulated, influencing the
distribution of gaseous nitric acid (HNOj3) and particulate ni-
trate (NO5 ). Dry deposition processes may also contribute to
resolution-dependent variations, as local differences in sur-
face roughness (including buildings and vegetation) become
more apparent at higher resolutions, directly affecting partic-
ulate deposition velocity rates. Overall, the simulation results
for major air pollutants fall within a reasonable error range
compared to observational data, confirming the reliability of
the model for this study.
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We now aim to further investigate the underlying factors
contributing to the discrepancies in atmospheric pollutant
simulations, with a particular focus on BC, across different
spatial resolutions. Previous studies have indicated that the
diurnal variation in atmospheric particulate matter concen-
trations is primarily controlled by daily variations in PBL
mixing and pollutant emissions (Du et al., 2020). The diur-
nal variation in BC emissions peak during the daytime and
are lower at night. During nighttime, pollutants are trapped
within the shallow boundary layer due to reduced turbulent
mixing, resulting in elevated surface concentrations of atmo-
spheric particulate matter. As the boundary layer develops in
the morning, pollutants rapidly diffuse and are transported
to upper atmospheric layers, leading to relatively low surface
concentrations. Therefore, the turbulent mixing process plays
a crucial role in determining pollutant concentrations.

3.2.2 Impacts of turbulent mixing on BC surface
concentrations at three different horizontal

resolutions

To investigate the vertical mixing depth influencing pollutant
diffusion, we first analyze the PBL height, as illustrated in
Fig. 6. Figure 6a shows the spatial distribution of the PBL
height simulated at three different resolutions, averaged over
the whole day. Higher-resolution simulations yield lower
PBL heights and capture more intricate details compared to
lower-resolution simulations. This trend is consistent during
both daytime and nighttime. Figure 6b demonstrates that the
PBL height exceeds 0.9 km across most regions during the
daytime. Notably, due to strong topographic influences, the
PBL height in the vicinity of Chaohu Lake is remarkably
low, typically less than 0.1 km. Conversely, in the southwest-
ern region, characterized by higher elevations and more com-
plex terrain, the PBL height surpasses 1.1 km. Figure 6¢ de-
picts the nighttime PBL heights at three different resolutions.
These heights predominantly fall below 0.3 km, significantly
lower than those during the daytime. The PBL height gradu-
ally decreases as the resolution increases, which should typ-
ically lead to higher BC surface concentrations. However,
BC surface concentrations actually decrease as resolution in-
creases from 25 to 5 and 1km (Fig. 4). Consequently, the
PBL height alone cannot explain the differences in pollutant
simulations among the multiple resolutions in this study.
Previous studies have established that PBL mixing co-
efficients are critical determinants in air quality modeling
(Du et al., 2020). In WRF-Chem, turbulent mixing within
the boundary layer is partially governed by PBL mixing co-
efficients generated by the PBL parameterization scheme.
It is worth noting that the mixing coefficients for atmo-
spheric particulate matter and gases are two distinct vari-
ables in the current version of WRF-Chem. The bound-
ary layer mixing coefficient for gases is initially obtained
via a parameterized PBL scheme but undergoes additional
modification through an empirical parameterization that en-
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Figure 6. Spatial distribution of the PBL height in the study area for 25 km (left), 5 km (middle), and 1 km (right) resolution simulations of
(a) the whole day, (b) daytime, and (c¢) nighttime, respectively. The solid black triangle indicates the location of the USTC site.

hances gas mixing based on CO emission strength (Kuhn et
al., 2024). This enhancement applies to gas pollutants when
using the MOSAIC aerosol scheme, as implemented in this
study. Specifically, gas mixing coefficients are clipped to em-
pirically chosen thresholds of 1 m? s~! over rural regions and
2m?s~! over urban regions, with the distinction between
rural and urban regions made based on the local CO emis-
sion strength. In contrast, the mixing coefficient of particu-
late matter is directly calculated through boundary layer pa-
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rameterization without subsequent modifications. Our study
focuses exclusively on the turbulent mixing of atmospheric
particulate matter, analyzing the aerosol mixing coefficient
with the default lower limit of 0.1 m?s~! as specified in the
publicly released version of WRF-Chem. We have not imple-
mented the mixing coefficient adjustments proposed by Du et
al. (2020), who suggest raising the lower limit of PBL mixing
coefficient from 0.1 to 5m? s~! within the PBL. We contend
that threshold approaches are primarily based on empirical
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data and may impede a comprehensive understanding of the
underlying physical processes. In our study, particulate mat-
ter mixing coefficients are directly calculated through bound-
ary layer parameterization without adjustments based on em-
pirical settings. This approach allows the model to more
accurately represent the natural turbulent mixing processes.
Consequently, we can investigate the turbulent mixing inten-
sity of particulate matter across different horizontal resolu-
tions and examine the true impact of grid resolution on pol-
lutant mixing.

The spatial distribution of aerosol turbulent mixing co-
efficients at the lowest model layer is analyzed, as shown
in Fig. 7. Figure 7a illustrates the simulation results across
multiple resolutions averaged over the whole day. The vari-
ations in the PBL mixing coefficients across different reso-
lutions are evident, with high-resolution simulations captur-
ing more spatial characteristics. The spatial distribution of
the PBL mixing coefficient demonstrates a strong correla-
tion with land use type and terrain height, which will sub-
sequently be explored. Turbulent mixing coefficients range
from 0 to 8m?s~!, with peak values predominantly located
in urban areas. Notably, the mixing coefficient simulated at
a 25 km resolution near the surface around USTC substan-
tially exceeds that of the western area, resulting in lower
BC surface concentrations simulated at a 25 km resolution
at USTC compared to its western regions (Fig. 4). This dis-
crepancy leads to a mismatch between the spatial distribu-
tion of pollutant concentrations and emissions, as discussed
in Sect. 3.2.1. During the daytime, the PBL mixing coeffi-
cients simulated at three resolutions are relatively high, rang-
ing from 0 to 17m?s~!, as shown in Fig. 7b. BC masses
simulated across multiple resolutions are fully mixed within
the boundary layer, resulting in similar BC surface concen-
trations across these resolutions. Conversely, turbulent mix-
ing coefficients diminish considerably during the nighttime,
with maximum values of approximately 3m?s~!, as shown
in Fig. 7c. The turbulent mixing coefficient emerges as one of
the important factors controlling surface pollutant concentra-
tions under stable nocturnal PBL conditions. Nighttime PBL
coefficients are higher at resolutions of 5 and 1 km compared
to a 25 km resolution across most of the study area, resulting
in lower BC surface concentrations at these two higher res-
olutions during the nighttime. Figure S12 further illustrates
the disparities in parameterized PBL mixing coefficients be-
tween a 25 km resolution and the two higher-resolution sim-
ulations. However, Fig. S13 shows that the turbulent mixing
coefficient parameterized at a 5 km resolution is larger than
that at a 1 km resolution, which fails to explain the similar
surface concentrations in these two higher-resolution (5 and
1 km) simulations. To further investigate this phenomenon,
we selected a meridional section passing through the USTC
site to analyze the distribution of vertical wind speed flux,
which represents the turbulent mixing directly resolved by
large-scale dynamic processes.
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Figure 8 displays the cross section of meridional wind
speed flux along the USTC site simulated at three differ-
ent resolutions. The upward vertical wind speed flux simu-
lated at a 25 km resolution is near the surface. However, the
5km resolution simulation generates stronger upward mo-
tion at a slightly higher altitude, specifically between 850 and
1000 hPa. Notably, the 1 km resolution simulation captures
the highest vertical wind speed flux, with relatively intensive
upward motion extending beyond 500 hPa. The 1km reso-
lution can resolve small-scale eddies and capture the most
pronounced vertical wind speed fluxes. In comparison, sim-
ulations at a 5 km resolution are able to capture smaller-scale
eddies, while those at a 25 km resolution occasionally cap-
ture larger-scale eddies. Despite the larger PBL mixing co-
efficients at a 5 km resolution compared to a 1 km resolution
near the surface, the upward vertical wind speed flux at a
1 km resolution reaches higher altitudes, indicating the pres-
ence of more small-scale eddies and resulting in enhanced
vertical turbulent mixing. Consequently, near the surface,
the combined effects of turbulent mixing, which is repre-
sented by both the parameterized PBL mixing coefficient and
the directly resolved vertical wind speed flux, lead to sim-
ilar BC surface concentrations in higher-resolution (5 and
1 km) simulations. Furthermore, Fig. S14 shows the merid-
ional cross section during daytime and nighttime. During
the day, the mixing height is relatively high at all three res-
olutions, allowing pollutants to be fully mixed and trans-
ported within the PBL. This results in similar BC surface
concentrations across multiple resolutions. Conversely, at
night, high-resolution simulations resolve more small-scale
eddies, resulting in vertical transport reaching higher alti-
tudes and intensifying turbulent mixing. In conclusion, pol-
lutants in lower-resolution (25 km) simulations tend to accu-
mulate near the surface, whereas pollutants are transported
to higher heights in higher-resolution (5 and 1km) simula-
tions. This phenomenon contributes to imparities in BC sur-
face concentration across multiple resolutions.

3.2.3 Impacts of land use type and terrain height on
turbulent mixing coefficients at three different

horizontal resolutions

Previous analyses indicate that the PBL mixing coefficient is
one of the main factors contributing to the disparities in BC
surface concentrations across multiple resolutions. There-
fore, we further explored the factors influencing the spatial
distribution of the PBL mixing coefficient. Our analysis re-
veals that the spatial distribution of the PBL mixing coeffi-
cient is closely related to land use types and terrain height.
Specifically, the overall distribution of the turbulent mix-
ing coefficient is closely resembled by the land use types
(Figs. 1b and 7). However, in areas with obvious magnitude
changes, such as east of the USTC site, the turbulent mixing
coefficient displays distinct gradient changes that are not re-
flected in land use patterns. Notably, the spatial distribution
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site.

of the topographic height (Fig. 1a) in this region exhibits dis-
tinct gradient changes similar to those of the turbulent mix-
ing coefficients. Consequently, the spatial distribution of the
turbulent mixing coefficient is influenced by both terrain and
land use types. This correlation can be attributed to the inter-
relationship among turbulent mixing, friction velocity, ter-
rain, and land use types. Terrain and land use types influ-
ence friction velocity by modifying surface roughness, which
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in turn directly affects turbulent mixing coefficients within
the PBL. Higher surface roughness values typically lead to a
greater fiction velocity, subsequently enhancing turbulent in-
tensity and increasing the vertical mixing efficiency of pollu-
tants within the PBL. To further investigate this relationship,
the spatial distribution of the friction velocity is analyzed, as
shown in Fig. 9. The analysis reveals that the friction velocity
increases as the resolution increases from a 25 resolution to 5
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Figure 8. The latitude—pressure cross section of BC concentrations
and wind speed flux along the USTC site for 25 km (a), 5 km (b),
and 1 km (c) resolution simulations of the whole day. Vector arrows
are the combination of wind speed fluxes v and w, with the vertical
wind speed flux being multiplied by 100 for visibility. The shaded
contours represent BC concentrations at each pressure level.

and 1 km resolutions, with finer resolutions (5 and 1 km) cap-
turing more spatial detail. Differences in friction velocity are
illustrated in Fig. S15. The spatial distribution of the friction
velocity indeed correlates with terrain and land use patterns,
consequently influencing the distribution of the PBL mixing
coefficient. As a result, the spatial distribution of the PBL
mixing coefficient correlates with land use types and terrain
height.
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Our study indicates that variations in land use type distri-
bution simulated at different horizontal resolutions are a sig-
nificant factor causing changes in PBL mixing coefficients
across multiple resolutions. These variations in mixing co-
efficients relate closely to BC surface concentrations, ex-
plaining specific patterns in BC surface concentration dis-
tributions. For example, the BC surface concentration south
of the USTC site increases as resolution improves from 25
to 5 and 1km resolutions (Figs. 4 and S8), contrasting
with concentration variations simulated in other regions. Our
analysis reveals that the turbulent mixing coefficient simu-
lated at a 25 km resolution is higher compared to the two
higher-resolution simulations in this area (Figs. 7 and S12).
Moreover, the spatial distribution of land use types indi-
cates that the 25 km resolution simulation resolves only a
single urban land use type in this area (Fig. 1b). In con-
trast, higher-resolution simulations capture additional land
use types beyond the urban, including lakes, farmland, and
shrubs (Fig. 1b). The inclusion of these diverse land use types
at a higher resolution leads to smaller PBL mixing coeffi-
cients in this area, as the surface roughness associated with
lakes, farmland, and shrubs is generally lower than that of
urban areas. As a result, the reduced vertical mixing in the
finer-resolution (5 and 1 km) simulations results in higher BC
surface concentrations south of the USTC site.

Additionally, to explore the differences in PBL mixing
coefficients across multiple resolutions under uniform land
use conditions, we designed another set of sensitivity experi-
ments across three resolutions. As mentioned earlier, the only
difference from the baseline experiment was the use of the
default USGS land use classification data in the WRF model.
As shown in Fig. S2, land use type data at different horizon-
tal resolutions are approximately consistent in this setup. All
other settings remained identical to those in the baseline ex-
periment.

Figure 10 presents the spatial distribution of PBL mixing
coefficients in the sensitivity experiment. Figure 10a illus-
trates the results across multiple resolutions averaged over
the whole day. Similar to the baseline experiment, increasing
resolution resolves more spatial detail. For example, in the
area where the USTC site is located, the PBL mixing coef-
ficient in the 25 km resolution simulation of the sensitivity
experiment is approximately 4.3 m?s~!, significantly lower
than the 8 m?s~! observed in the baseline experiment. This
pattern is consistent across higher resolutions (5 and 1 km).
This finding aligns with the spatial distribution of land use
types used in both sets of experiments (Figs. 1b and S2).
The decrease in mixing coefficients in the sensitivity exper-
iment stems from its land use data failing to resolve urban
land types in urban areas. Figure 10b and ¢ show the PBL
mixing coefficients of the sensitivity experiment during day-
time and nighttime, respectively. Consistent with the baseline
experiment, the turbulent mixing coefficients during the day
are substantially higher than at night. The PBL coefficients
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Figure 9. Spatial distribution of friction velocity in the study area for (a) 25 km, (b) 5km, and (c) 1 km resolution simulations of the whole

day. The solid black triangle indicates the location of the USTC site.

in the nighttime simulations are higher at 5 and 1 km resolu-
tions compared to the 25 km resolution.

Additionally, Fig. S16 further illustrates the differences in
the parameterized PBL mixing coefficient between the 25 km
resolution and the two higher-resolution simulations under
roughly uniform land use conditions. Figure S16c shows that,
in the city center, the boundary layer mixing coefficient pa-
rameterized at 5 and 1 km resolutions is higher than that at
the 25 km resolution during nighttime. As urban areas are pri-
marily flat, topographical differences between different res-
olutions in urban areas are minimal (almost negligible). Fur-
thermore, because the land use types in the sensitivity ex-
periment are approximately consistent across different res-
olutions, the main factor responsible for resolution-related
differences in the PBL mixing coefficients in urban areas is
the grid size. Notably, in areas with significant topographic
variations, such as suburban and rural regions, the differ-
ence in boundary layer mixing coefficients between 25 and
5 km/1 km resolutions in the sensitivity experiment strongly
correlates with the spatial distribution of topographic differ-
ences. This directly demonstrates that topographic height is
also a key determinant of the boundary layer mixing coeffi-
cient distribution. Qian et al. (2010) indicated that the terrain
affects the transport and mixing of aerosols and trace gases,
as well as their concentrations across multiple resolutions,
through its impact on meteorological fields such as wind and
the PBL structure. These terrain-related effects are particu-
larly significant in regions with more variable topography.
Additionally, Fig. S17 shows that the turbulent mixing in-
tensity parameterized at a 5 km resolution in the sensitivity
experiment is greater than that at a 1 km resolution. Further
analysis of the latitude—pressure cross section of BC concen-
trations and vertical wind speed flux, as shown in Fig. S18,
indicates that, similar to the baseline experiment, the 1km
resolution of the sensitivity experiment resolves more small-
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scale turbulent eddies, capturing more prominent vertical
wind speed flux, thus resulting in stronger turbulent mixing.

Through comprehensive analysis of both baseline and sen-
sitivity experiments, we found that, within the resolution
range of 25 to 1km, the spatial distribution accuracy of
land use types plays a decisive role in parameterizing the
PBL mixing coefficient. Finer land use type information at
higher resolutions directly alters the spatial distribution of
the boundary layer mixing coefficient, with urban surfaces
significantly increasing the parameterized PBL mixing co-
efficient. Therefore, accurately representing land use types,
particularly urban surfaces, is critical for parameterizing the
PBL mixing coefficient. On the other hand, in the sensitiv-
ity experiment, areas of complex terrain with significant el-
evation (such as suburban, rural, and hilly regions) increase
mixing coefficients by enhancing surface roughness, whereas
this effect is weaker in flat urban areas. Consequently, differ-
ences in PBL mixing coefficients across multiple resolutions
strongly correlate with terrain precision. Higher resolutions
can resolve finer terrain variations, affecting local turbu-
lent mixing (such as terrain-induced mechanical turbulence).
This confirms the dominant role of high-resolution terrain
and land use information in PBL mixing coefficient parame-
terization. Notably, in regions where land use types and ter-
rain height remain relatively flat and consistent across dif-
ferent horizontal resolutions in the sensitivity experiments,
increasing resolution still leads to enhanced boundary layer
mixing coefficients, highlighting the importance of the grid
size with respect to parameterizing the boundary layer mix-
ing coefficient. In the resolution range from 5 to 1km,
higher resolution slightly reduces the parameterized bound-
ary layer mixing coefficient. However, the 1km resolution
model resolves more small-scale turbulent eddies, resulting
in stronger turbulent mixing at night. In summary, for pa-
rameterization of boundary layer mixing coefficients across
multiple resolutions, high-resolution surface information is
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more important in regions with significant changes in land and appropriate grid resolution to enhance turbulent mixing
use type and terrain height. Grid size is also crucial in re- simulation.

gions with more gradual changes, where higher-resolution

grids consistently enhance the boundary layer mixing rep-

resentation. Therefore, to improve PBL mixing coefficient

simulation, priority should be given to ensuring the accuracy

of land use data (especially the spatial representation of ur-

ban types), precise terrain representation in complex regions,
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3.3 Simulated BC column concentrations and impacts
of turbulent mixing at various horizontal resolutions

3.3.1 Simulated BC column concentrations at three
different horizontal resolutions

It is generally accepted that the turbulent mixing process
primarily affects pollutant surface concentrations by mix-
ing surface pollutants into higher layers, without altering the
column concentration. However, in this study, BC column
concentrations exhibit differences across multiple-resolution
simulations. Therefore, we further investigate the spatial dis-
tribution of BC column concentrations and the main mech-
anisms behind these variations. Figure 1la illustrates the
spatial distribution of BC column concentrations simulated
at three resolutions, averaged over the whole day. The re-
gional average values for the three resolutions are 2041,
2150, and 2223 uygm~2, respectively. The 5 and 1km res-
olution simulations yield larger BC column concentrations
compared to 25 km resolution simulations. The spatial distri-
bution of BC column concentrations simulated at a 25 km
resolution is highly consistent with the BC emission dis-
tributions (Fig. 2), showing high concentrations in central
urban areas exceeding 2500 ugm~2, while regions distant
from urban centers demonstrate lower concentrations, gener-
ally below 2100 uygm~2. The 5km resolution simulation re-
sults indicate peak column concentrations concentrated in ur-
ban areas and spread around, with the southwestern area ap-
proaching 2250 ugm~2. The 1km resolution simulation re-
sults yield the largest BC column concentrations and demon-
strate the most pronounced diffusion tendency, with most ar-
eas exceeding 2250 ugm~2. Figure 11b and c reveal lower
BC column concentrations during the daytime compared to
those at night, with a more pronounced dispersion trend of
column concentrations simulated at night. Figure S19 de-
picts the differences in BC column concentrations between
the 25 and 5 km resolutions and between the 25 and 1 km res-
olutions, revealing that BC column concentrations at coarser
resolutions are marginally lower than those at finer resolu-
tions (5 and 1km) in most of the study areas. On the other
hand, the BC column concentration simulated at a 1 km reso-
lution are larger than those at a 5 km resolution, as shown in
Fig. S20. In conclusion, BC column concentrations increases
with a higher resolution, accompanied by a more pronounced
dispersion tendency towards higher and farther areas.

3.3.2 Impacts of turbulent mixing on BC column
concentrations at three different horizontal

resolutions

We further analyze the mechanisms underlying the differ-
ences in BC column concentrations across multiple resolu-
tions in urban areas. Figure 12a displays the vertical pro-
files of BC concentrations averaged over the study area. The
BC profiles at a 25km resolution exhibit significant vari-
ability, generally decreasing from the surface to higher al-
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titudes. The near-surface BC concentration is approximately
3 times higher than those at high altitudes, with surface con-
centrations reaching about 3 uygm™>. At an altitude of 100 m,
the concentration drops to 1 ugm™3, while above this eleva-
tion, the BC concentration is less than 1ugm™>. Substan-
tial disparities exist among multiple-resolution simulations
with respect to the vertical profiles of BC concentrations.
Our analyses above have shown that, near the surface, the
parameterized mixing coefficients and directly resolved ver-
tical wind speed flux are lower at 25 km resolution compared
to at 5 and 1 km resolutions, reducing the vertical mixing of
pollutants in 25km resolution simulations. Thus, BC con-
centrations at a 25 km resolution are higher near the surface
and lower at higher altitudes compared to values from high-
resolution (5 and 1 km) simulations. Moreover, the parame-
terized PBL mixing coefficient at a 1 km resolution is lower
than at a 5 km resolution in the atmosphere, but the directly
resolved upward vertical wind speed flux by the model dy-
namic process reaches higher altitudes at a 1 km resolution
compared to a 5 km resolution. Thus, due to the combined ef-
fects of these two processes, the intensity of turbulent mixing
is similar between the 5 and 1 km resolutions at near-surface
levels, whereas it is greater at a 1km resolution than at a
5 km resolution at higher altitudes. In numerical models, sub-
grid-scale (SGS) turbulent diffusion is typically simulated by
parameterization schemes. However, as the model resolution
increases, such as achieving a 1km resolution, the turbu-
lent mixing is increasingly resolved by the dynamical frame-
work of the model. This advancement allows the model to
capture dynamic structures and small-scale turbulence more
accurately, significantly enhancing the strength of turbulent
mixing. The resolution of dynamic processes reduces the re-
liance on traditional parameterization schemes, thereby de-
creasing the PBL mixing coefficient parameterized at finer
resolutions. In conclusion, at higher altitudes, the enhanced
turbulent mixing efficiently facilitates more ground-emitted
pollutants to a higher height as the resolution increases. Thus,
BC concentrations at resolutions of 5 and 1 km are similar
near surface, with a 1 km resolution yielding the largest con-
centrations at higher altitudes.

To further investigate the BC column concentrations and
their dispersion tendency towards farther areas, we analyzed
the vertical profile of wind speed at three resolutions aver-
aged over the study area, as shown in Fig. 12b. The verti-
cal profile of wind speed is relatively consistent across the
three resolutions. From the ground to higher altitudes, the
overall wind speed gradually increases, transitioning from
low speeds near the surface to higher speeds aloft. Near the
ground, the simulated average wind speed is approximately
Ims~!, increasing to 4ms~! at an altitude of 1km and
reaching an average of about 7 ms~! at an altitude of 2 km. In
the upper atmosphere, characterized by higher wind speeds,
pollutants mixed up from near the surface can be transported
and dispersed farther. As previously mentioned, BC simu-
lated in higher-resolution simulations can be transported to
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site.

higher altitudes, thus dispersing over greater distances due
to stronger winds. Therefore, as the resolution increases, the
trend of diffusion towards farther regions in the simulated BC
column concentrations becomes more pronounced.

As previously discussed, higher-resolution simulations fa-
cilitate BC transport to greater altitudes and further distances.
This phenomenon extends its atmospheric lifetime, conse-
quently resulting in increased column concentrations. Bauer
et al. (2013) noted that turbulent mixing and convective trans-
port processes play a critical role in determining BC life-
times. Figure 13 illustrates the spatial distribution of BC life-
time, calculated by dividing the BC column concentration by
the dry deposition flux. It demonstrates that the BC lifetime
gradually lengthens as the resolution increases. The average
lifetime of BC column concentrations in the study area is

https://doi.org/10.5194/acp-25-8831-2025

344, 350, and 382 h for 25, 5, and 1 km resolutions, respec-
tively. These results clearly demonstrate that BC simulated at
higher resolutions exhibits prolonged atmospheric residence
times. Consequently, the BC column concentration is higher
for high-resolution simulations.

4 Conclusion and discussion

Turbulent mixing plays a crucial role in urban pollutant trans-
port by enhancing the diffusion of atmospheric pollutants.
Current atmospheric models often underestimate turbulent
exchange within stable nocturnal boundary layers, and the
turbulent mixing varies markedly across different model hor-
izontal resolutions. However, few studies have analyzed how

Atmos. Chem. Phys., 25, 88318857, 2025
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turbulent mixing processes across multiple resolutions affect
pollutant concentrations in urban areas. Therefore, our goal is
to elucidate the variations in pollutant concentrations across
multiple resolutions and investigate the influence of turbulent
mixing on pollutant concentrations at various resolutions.
We conducted a WRF-Chem simulation nested at three
resolutions (25, 5, and 1km) in the Hefei area. BC surface
concentrations decrease as resolution increases from 25 to
5km and further to 1 km but are similar at 5 and 1km res-
olutions, showing significant diurnal variations with higher
concentrations at night and lower concentrations during the

Atmos. Chem. Phys., 25, 8831-8857, 2025

daytime. The BC surface concentrations across multiple res-
olutions align well with USTC site observations during day-
time but are overestimated at night, with this overestimation
decreasing at higher resolution (5 and 1 km). Disparities in
BC surface concentrations between the two finer-resolution
simulations and the 25 km resolution simulation are primar-
ily attributable to nocturnal concentrations. In addition, the
diurnal variation in the PM> 5 surface concentrations simu-
lated at different resolutions follows the same trend as the ob-
served concentrations at the national monitoring sites, with a
slight underestimation during daytime and an overestimation
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at night. The PBL mixing coefficient plays a crucial role in
controlling surface particulate matter concentrations at night.
Larger nighttime PBL mixing coefficients and a higher ver-
tical wind speed flux at 5 and 1 km resolutions compared to
a 25 km resolution near the surface result in lower BC sur-
face concentrations. However, the PBL mixing coefficient at
a 5Skm resolution is larger than at a 1 km resolution. More-
over, the upward vertical wind speed flux resolved at a 1 km
resolution reaches higher altitudes compared to that at 25 and
5 km resolutions, indicating more small-scale eddies and re-
sulting in enhanced turbulent mixing. Consequently, near the
surface, the combined effects of the parameterized PBL mix-
ing coefficient and the directly resolved vertical wind speed
flux lead to similar BC surface concentrations at 5 and 1 km
resolutions.

Further analysis reveals that the spatial distribution of PBL
mixing coefficients is influenced by both land use types and
terrain heights. The turbulent mixing coefficient correlates
with the spatial distribution of land use types at smaller
scales, with urban underlying surfaces notably increasing the
parameterized PBL mixing coefficient. The mixing coeffi-
cient also strongly correlates with terrain heights at larger
scales, particularly in regions with complex topography and
significant elevation differences, where higher terrain sub-
stantially enhances mixing coefficients. This correlation can
be attributed to the interrelationship among turbulent mix-
ing coefficients, friction velocity, terrain, and land use types.
The static database of terrain and land use types employed
as model input determines the surface roughness. Higher sur-
face roughness typically leads to greater fiction velocity, sub-
sequently increasing the PBL mixing coefficients. Moreover,
in regions where land use types and terrain height remain
relatively flat and consistent across multiple resolutions, in-
creasing resolution still enhances boundary layer mixing co-
efficients, highlighting the importance of grid size. Thus,
both surface information and grid resolution are crucial for
accurately parameterizing PBL mixing coefficients, with pri-
ority given to accurate land use data, precise terrain represen-
tation, and higher grid resolution to improve turbulent mixing
simulations.

In WRF-Chem, the mixing coefficients of chemical
species are clipped to empirically chosen thresholds of
1m?s~! over rural areas and 2m?s~! over urban areas to
prevent unrealistically low values. These thresholds are mod-
ified based on differences in anthropogenic CO and primary
PM; 5 emissions between rural and urban regions. Impor-
tantly, this adjustment applies exclusively to gases and not
to aerosols when the MOSAIC or MADE/SORGAM aerosol
schemes are used. This is because the adjustment does not
couple with the aerosol PBL mixing scheme in WRF-Chem,
although potential modifications could be made for compati-
bility with the MOSAIC or MADE/SORGAM scheme. Thus,
the boundary layer mixing coefficient for gases is implic-
itly influenced by emission resolution rather than directly
controlled by model resolution. In this study, this treatment
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caused gas mixing coefficients to converge across different
horizontal resolutions, preventing us from accurately assess-
ing the impact of horizontal resolution on gas turbulent mix-
ing. For aerosols, however, the original PBL mixing coef-
ficients are retained, which are directly parameterized from
boundary layer parameterization schemes. Therefore, our fo-
cus is mainly on particulate matter in this analysis, and we
omitted this modification for gases.

The variations in turbulent mixing across multiple-
resolution simulations not only affect the BC surface concen-
tration but also lead to different BC column concentrations.
BC column concentrations increase with improved resolu-
tion, accompanied by a more pronounced diffusion tendency
towards higher altitudes and distant regions. Throughout the
atmosphere, turbulent mixing intensifies with improved res-
olution, resulting in pollutants being transported to higher
altitudes. Concurrently, wind speed increases with altitude,
facilitating the pollutants which are mixed to higher altitudes
to be spread farther. Consequently, BC simulated at a higher
resolution is transported to greater altitudes and dispersed to
farther regions, thus persisting in the atmosphere for longer
periods and leading to longer lifetimes. As a result, BC col-
umn concentrations increase with finer resolutions.

This study highlights the importance of model horizon-
tal resolution in simulating the dispersion of atmospheric
pollutants. We observed that the enhanced turbulent mixing
strength at high resolution can more accurately reproduce
the vertical and horizontal distribution of pollutants, thus
aligning the simulated pollutant surface concentrations more
closely with actual observations. In contrast, turbulent mix-
ing in low-resolution simulations, primarily depending on
boundary layer parameterizations, may not adequately cap-
ture the dynamics of turbulence, leading to discrepancies be-
tween the simulated and actual distribution of pollutants, par-
ticularly under stable boundary conditions at night. Future
research should focus on improving PBL parameterization
schemes to enhance model performance at lower resolutions,
thereby better serving the needs of air pollution control and
environmental management.

We have noted that the parameterized PBL mixing coeffi-
cient decreases when transitioning from 5 to 1 km resolution,
alongside an increase in the vertical wind speed flux which
represents turbulent mixing directly resolved by the dynam-
ical processes. This trend suggests that if the resolution was
further increased to large-eddy simulation (LES) scales, the
parameterized PBL mixing coefficient might diminish sig-
nificantly, potentially approaching zero, while the turbulence
mixing resolved directly by the dynamics would intensify
considerably. At LES scales, the majority of turbulent mix-
ing is directly resolved, capturing the atmospheric dynamical
processes and turbulent exchanges more realistically, thereby
reducing the simulation biases caused by parameterization
errors. This shift diminishes reliance on traditional boundary
layer parameterizations to simulate turbulent mixing, lead-
ing to a substantial reduction in the parameterized bound-
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ary layer mixing coefficient. By capturing the finer details of
atmospheric dynamics, the model provides a more realistic
representation of turbulent mixing and related physical pro-
cesses, which is crucial for understanding weather patterns,
climate variability, and pollutant dispersion. However, due to
the huge computational resources required for LES, we have
not yet performed an analysis at the LES scale, but it is worth
further exploring in the future.

Moreover, in addition to the influence of surface rough-
ness on turbulence intensity, surface type significantly af-
fects the CBL and turbulence mixing strength through dif-
ferences in radiative flux absorption, reflection, and heat ex-
change. There are substantial variations in the absorption and
reflection of SW radiation across different surface types. Ur-
ban areas typically have lower albedo, absorbing more SW
radiation, which increases surface temperature and trans-
fers energy to the atmosphere as sensible heat. In contrast,
vegetated areas generally have higher albedo and, through
transpiration, release more latent heat while reducing sensi-
ble heat output. These differences in energy exchange be-
tween the surface and atmosphere directly influence turbu-
lence strength. Furthermore, the varying balance between
sensible and latent heat fluxes across different surface types
impacts turbulence intensity and CBL depth. For instance, ur-
ban areas, with stronger sensible heat flux, tend to generate
more intense thermal convection, often resulting in a shal-
lower CBL, while vegetated areas, with predominant latent
heat flux, may develop more stable atmospheric conditions,
potentially leading to a deeper CBL with weaker turbulence.
These mechanisms of radiative absorption and heat exchange
are crucial in the formation of the diurnal CBL and determin-
ing turbulence intensity. Future studies on land use impacts
on turbulence mixing should therefore consider not only sur-
face roughness but also radiative flux differences, sensible
and latent heat exchange mechanisms, and the comprehen-
sive effects of surface albedo on turbulence development.

Our analysis also found that a higher resolution facilitates
transport over greater distances, suggesting that intercity pol-
lutant diffusion can be affected by model resolution, with a
coarse resolution potentially reducing long-range transport
and interurban impacts. While previous studies have exam-
ined pollutant formation mechanisms at specific resolutions
and explored the physical and chemical interactions among
megacities, few have considered the impacts of different res-
olutions on long-range transport between cities. Due to com-
putational cost constraints, interurban impacts are not dis-
cussed in this study, but they deserve further investigation
in the future. Finally, while vertical resolution is held con-
stant in our study, we recognize that it could influence the
interpretation of the turbulence processes in certain scenar-
ios, especially in regions with complex vertical structures.
Therefore, future work could systematically explore the in-
terplay between vertical resolution and pollutant concentra-
tion or aerosol-boundary layer feedbacks.
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