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22 Key Points:

23 1. Higher resolutions improve BC surface concentration predictions by enhancing
24  PBL mixing and vertical wind flux, especially at night.

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

27 3. Detailed land use and terrain in high-res models enhance PBL mixing, refining
28  pollutant transport and urban air quality simulations.
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29 Abstract

30 Air pollution in cities seriously impacts public health and regional climate.
31 Turbulent mixing plays a crucial role in pollutant formation and dissipation, yet current
32 atmospheric models struggle to accurately represent it. The intensity of turbulent
33 mixing varies with model resolution, which has rarely been analyzed. To investigate
34  turbulent mixing variations at multi-resolutions and their implications for urban
35  pollutant transport, we conducted numerical experiments using WRF-Chem at 25 km,
36 5km, and 1 km resolutions. The simulated meteorological fields and black carbon (BC)
37  concentrations are compared with observations. Differences in turbulent mixing across
38 multi-resolutions are more pronounced at night, resulting in noticeable variations in BC
39  concentrations. BC surface concentrations decrease as resolution increases from 25 km
40  to 5 km and further to 1 km, but are similar at 5 km and 1 km resolutions. Enhanced
41 planetary boundary layer (PBL) mixing coefficients and vertical wind flux at higher
42  resolutions reduce the overestimation of nighttime BC surface concentrations. The 1
43 km resolution parameterized lower PBL mixing coefficients than 5 km but resolved
44 more small-scale eddies, leading to similar near-surface turbulent mixing at both
45 resolutions, while the intensity at higher altitudes is greater at 1 km. This caused BC to
46  be transported higher and farther, increasing its atmospheric lifetime and column
47  concentrations. Variations in mixing coefficients are partly attributed to differences in
48 land use and terrain, with higher resolutions providing more detailed data that enhanced
49  PBL mixing coefficients. This study interprets the impacts of turbulent mixing on

50 simulated urban pollutant diffusion at multi-resolutions.

51
52
53
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s6 1. Introduction

57 Since the middle of the 19th century, rapid economic growth and urbanization have
58  caused severe regional haze and photochemical smog pollution (Li et al., 2015; Li et
59 al., 2019; Ma et al., 2019). A variety of air pollution episodes mainly occur in cities
60  (Chan and Yao, 2008). Exposure to atmospheric particulate matter is one of the major
61 threats to public health (Yinetal., 2017; Liu et al., 2019). Accurate pollutant estimation
62 is crucial for the realization of pollution prevention goals. Pollution processes are
63  affected by many different factors, such as pollution source emissions (Li et al., 2017a),
64  physical and chemical characteristics of aerosols (Riccobono et al., 2014; Zhao et al.,
65  2018), topographic effects (Zhang et al., 2018), and meteorological conditions (Ye et
66 al., 2016). Significantly, pollutant concentrations are mainly gathered within the
67  planetary boundary layer (PBL), and PBL mixing processes are associated with intricate
68 turbulent eddies (Stull, 1988), which significantly affect the horizontal transport and
69 vertical diffusion of pollutants (Wang et al., 2018; Du et al., 2020; Ren et al., 2020; Ren
70  etal.,, 2021), as well as the formation of new aerosol particles (Wu et al., 2021).

71 The mechanism of turbulent transport has been widely investigated. The vertical
72 diffusion of pollutants in urban areas is affected by the structure of the urban boundary
73 layer (UBL), and different structures may lead to uneven spatial distribution of
74  pollutants (Han et al., 2009; Zhao et al., 2013c). First, meteorological conditions play
75  dominant roles in turbulent mixing of air pollutants within the atmospheric boundary
76  layer (ABL) (Xu et al., 2015; Miao et al., 2019). Unstable meteorological conditions
77  enhance turbulence, promoting pollutant dispersion, while stable conditions suppress it,
78 leading to pollutants accumulation. Previous studies have indicated that constant
79  stagnant winds and increased water vapor density inhibit the vertical diffusion of
80  pollutants, resulting in explosive growth of pollutants (Zhang et al., 2015a; Zhang et al.,
81  2015b; Wei et al., 2018; Zhong et al., 2018). Under these stable conditions, the inherent
82  characteristics of the stable boundary layer (SBL), particularly turbulence intermittency
83 (Costaet al., 2011), affect the heavy urban haze events by altering surface-atmosphere

84  exchanges (Wei et al., 2018; Ren et al., 2019a; Ren et al., 2019b; Wei et al., 2020; Ren
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85 etal., 2021; Zhang et al., 2022). Second, diurnal variations in turbulent mixing between
86 day and night significantly influence changes in pollutant concentrations (Li et al., 2018;
87  Liu et al., 2020). In the daytime convective boundary layer (CBL), pollutants can be
88  mixed uniformly in a thick layer due to the intense turbulent mixing (Sun et al., 2018).
89  While in the nighttime SBL, reduced mixing and dispersion result in the accumulation
90 of pollutants near the surface (Holmes et al., 2015). Severe urban haze pollution
91  formation is typically accompanied with the development of nocturnal SBL (Pierce et
92 al.,, 2019; Li et al., 2020; Zhang et al., 2020; Li et al., 2022). Moreover, pollutants in
93 the residual layer can be mixed downward to the surface with the development of the
94  ABL the next morning (Chen et al., 2009; Sun et al., 2013; Quan et al., 2020). Overall,
95  the impact of turbulent mixing on urban pollution is important and complex.

96 Numerical simulation is an important method for studying turbulent mixing.
97  However, there are still challenges associated with accurately representing turbulent
98  mixing in numerical models. Previous researches have indicated that turbulent mixing
99 in current atmospheric chemical models is insufficient to capture stable atmospheric
100  conditions, potentially leading to rapid increases in severe haze in urban areas (Ren et
101 al., 2019b; Wang et al., 2018; Peng et al., 2018; Du et al., 2020). Von Kuhlmann et al.
102 (2003) identified insufficient upward transport of 0zone and its precursors due to weak
103  convection. Some studies revealed that WRF-Chem simulations underestimate
104  turbulent exchange within stable nocturnal boundary layers, allowing unrealistic
105  accumulation of pollutants near the surface (McKeen et al., 2007; Tuccella et al., 2012;
106  Berger et al., 2016). Additionally, PBL parameterization schemes in current models
107 may not accurately represent intricate turbulent mixing, particularly in complex terrains,
108 urban areas, or extreme weather conditions. Researches have revealed that different
109  PBL parameterization schemes employed in WRF-Chem tend to underestimate
110  turbulent mixing when compared to observations (Hong et al., 2006; Banks and
111  Baldasano, 2016; Kim, 2006). Turbulent mixing coefficients diagnosed in atmospheric
112 models characterize the intensity of turbulent mixing (Cuchiara et al., 2014). However,
113 these models frequently underestimate mixing coefficients during the nighttime.

114  Researchers have employed various approaches to address this limitation. Du et al.

4
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115  (2020) demonstrated that increasing the lower limit of PBL mixing coefficients during
116  nighttime significantly reduced the modeling biases in simulated pollutant
117  concentrations. Jia and Zhang (2021) utilized the new modified turbulent diffusion
118  coefficient to represent the mixing process of pollutants separately and improved the
119  simulation results of pollutant concentrations. Jia et al. (2021) employed the revised
120  turbulent mixing coefficient of particles using high-resolution vertical flux data of
121  particles according to the mixing length theory, and improved the overestimation of
122 pollutant concentrations. In conclusion, current atmospheric models commonly face
123 several challenges in accurately simulating turbulent mixing.

124 The representation of turbulent mixing in models is influenced by various factors,
125 including grid resolution, topography, boundary layer parameterization, atmospheric
126  dynamics, and land-surface processes. Among these factors, model resolution can
127 significantly affect turbulent mixing processes in atmospheric simulations, with
128  simulated turbulent mixing varying substantially across different resolutions. Qian et al.
129  (2010) evaluated model performance at 3 km, 15 km, and 75 km resolutions, finding
130  that only simulations at 3 km resolution accurately captured multiple concentration
131  peaks in observational data, indicating that turbulent mixing may play a critical role in
132 simulating pollutant concentrations. Fountoukis et al. (2013) conducted model
133 simulations at three resolutions and demonstrated that higher resolution reduced the
134  bias for BC concentration by more than 30% in the Northeastern United States during
135  winter, attributing this improvement to better resolved pollutant dispersion. Tao et al.
136  (2020) found that changes in model resolution led to increased pollutant concentrations
137  in urban areas but decreased concentrations in west mountain regions, likely due to
138  differences in vertical and horizontal dispersion. In conclusion, previous researches
139 have primarily focused on comparing pollutant concentrations across different model
140  resolutions, demonstrating that resolution significantly affects pollutant distribution
141 and dispersion. These studies suggest that turbulent mixing may play a crucial role.
142 However, few have systematically explored the specific mechanisms by which
143 turbulent mixing influences pollutant concentrations simulated at multi-resolutions,

144  despite their importance in determining urban atmospheric pollutions.

5
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145 Motivated by aforementioned problems, this study aims to investigate differences
146  in pollutant concentrations across multi-resolutions and explore how the turbulent
147  mixing plays as a crucial role affecting pollutant concentrations at various resolutions.
148  Furthermore, we seek to determine whether higher-resolution simulations can address
149  the issue of inaccurate turbulent mixing in current models. The Weather Research and
150  Forecasting model coupled with Chemistry (WRF-Chem) is applied to simulate
151  pollutant and meteorological fields during the spring of 2019 in Hefei, a typical mega-
152 city and sub-center of the Yangtze River Delta (YRD) urban agglomeration in China,
153 with a population of nearly 10 million and an area of 11,445 km?. Our study interprets
154  the various characteristics of black carbon (BC) distributions simulated at multi-
155  resolutions and focuses on the mechanisms involved. BC is selected as the primary
156  pollutant for this study due to its near-inert nature in the atmosphere and can be treated
157  as a representative tracer for turbulent mixing. The paper is organized as follows:
158  Section 2 introduces the WRF-Chem model configuration, the design of multi-
159  resolutions experiments, emissions from different sources, and observational data.
160  Section 3 evaluates model simulations across multi-resolutions against observations,
161  presents the spatial distributions of surface and column concentrations simulated at
162  three resolutions, and investigates the important turbulent mixing processes that
163  generate spatial variability in pollutant concentrations. Section 4 present the conclusion
164  and discussion of the analysis.

165

166 2. Methodology

167 2.1 Models and Experiments

168  2.1.1 WRF-Chem

169 The non-hydrostatic Weather Research and Forecasting (WRF) model includes
170  various options for dynamic cores and physical parameterizations that can be used to
171 simulate atmospheric processes over a wide range of spatial and temporal scales
172 (Skamarock et al., 2008). WRF-Chem, the chemistry version of the WRF model (Grell

173 etal., 2005), simulates trace gases and particulates interactively with the meteorological
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174  fields. WRF-Chem contains some treatments for photochemistry and aerosols
175  developed by the user community. In this study, the version of WRF-Chem updated by
176  the University of Science and Technology of China (USTC version of WRF-Chem) is
177 used. Compared with the publicly released version, this USTC version of WRF-Chem
178  includes some additional functions such as the diagnosis of radiative forcing of aerosol
179  species, land surface coupled biogenic VOC (volatile organic compound) emission,
180  aerosol-snow interaction, improved PBL mixing of aerosols and a detailed diagnosis of
181  the contributions of each crucial process to pollutant concentrations (Zhao et al., 2013a;
182  Zhaoetal., 2013b; Zhao et al., 2014; Zhao et al., 2016; Hu et al., 2019; Du et al., 2020;
183  Zhang et al., 2021).

184 The configuration of WRF-Chem in this study is given in Table 1. The Statewide
185  Air Pollution Research Center (SAPRC99) photochemical mechanism (Carter, 2000) is
186  chosen to simulate the gas-phase chemistry, and the Model for Simulating Aerosol
187  Interactions and Chemistry (MOSAIC) is also selected (Zaveri and Peters, 1999; Zaveri
188 et al., 2008). The MOSAIC aerosol scheme includes important physical and chemical
189  processes such as nucleation, condensation, coagulation, aqueous-phase chemistry, and
190  water uptake by aerosols. Sulfate, nitrate, ammonium, sea salt, mineral dust, organic
191  matter (OM), BC, and other (unspecified) inorganics (OIN) constitute the prognostic
192  species in MOSAIC. The aerosol direct effect is coupled to the Rapid Radiative
193  Transfer Model (RRTMG) (Mlawer et al., 1997; lacono et al., 2000) for both SW
194  (shortwave) and LW (longwave) radiation as implemented by Zhao et al. (2011). We
195  also turned on the aerosol indirect effect, which represents the interactions between
196 aerosols and clouds, including the first and second indirect effects,
197  activation/resuspension, wet scavenging, and aqueous chemistry (Gustafson et al., 2007;
198 Chapman et al., 2009). The photolysis rate is computed by the Fast-J radiation
199  parameterization (Wild et al., 2000). Our simulation includes the secondary organic
200 aerosol (SOA) mechanism, a crucial aerosol process that can substantially reduce
201  discrepancies between simulated results and observations.

202 Another type of option is meteorological physics, including the Yonsei University

203 (YSU) nonlocal PBL parameterization scheme (Hong et al., 2006), the Noah land-

7



https://doi.org/10.5194/egusphere-2024-3890
Preprint. Discussion started: 16 January 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

204  surface model (Chen and Dudhia, 2001) for the surface layer process, the Morrison
205  two-moment scheme (Morrison et al., 2009) for cloud microphysics, and the Rapid
206  Radiative Transfer Model (RRTMG) for longwave and shortwave radiation. The 25 km
207  resolution simulation turns on the option of cumulus parameterization, which uses the
208  Kain-Fritsch cumulus and shallow convection scheme (Kain, 2004) to simulate sub-
209  grid scale clouds and precipitation. However, this option is turned off in the other two
210  higher resolution simulations because the fine-resolution is sufficient to resolve the
211 cloud forming processes.

212

213 2.1.2 Numerical experiments

214 The study period spans from March 5th to March 20th, 2019. Following previous
215  research (Gustafson et al., 2011), the first five days are considered as the model spin-
216  up time, while the remaining integration period is used for analysis. Consequently, only
217  the results from March 10th to March 20th, 2019, are used in the analysis of this study.
218  Three different resolutions and computational domains are employed in our study. The
219  outer domain, covering East, North, and South China, has 140 x 105 grid cells (107.1<
220 127.9<F, 17.1244.9N) with a horizontal resolution of 25 km. The middle domain,
221 encompassing the entire YRD region in East China, has 250 x 250 grid cells (111.82<
222 121.78<E, 27.02<236.98 N) with a resolution of 5 km. The inner domain, covering most
223 of the Hefei region, consists of 150 x 150 grid cells (116.604<2117.796 E, 31.204<
224  32.396N) at a horizontal resolution of 1 km. The center of inner domain is the city of
225  Hefei, a typical mega-city of East China. Hefei, the capital city of Anhui province, is
226  located in the mid-latitude zone with a humid subtropical monsoon climate and serves
227  asarepresentative case for this study. The regions are shown in Figure S1. To facilitate
228  the comparison of discrepancies among the three simulations at different resolutions,
229  we have selected the innermost region as the main scope of study for this research, as
230  shown in Figure 1a. In this study, we derive terrain information from a high-resolution
231  (~ 1 km) US Geological Survey (USGS) topographic data and interpolate it onto the
232 WREF grid. Therefore, the three domains with different resolutions exhibit varying

233 degrees of terrain detail. The 1 km grid resolves the most intricate topographic features,

8
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234 followed by the 5 km grid, while the 25 km grid captures the least spatial detail. These
235  multi-resolutions topographic representations potentially influence pollutant turbulent
236 mixing processes, which will be analyzed in this study. The land cover dataset is derived
237  from a 1 km horizontal resolution dataset for China (Zhang et al., 2021). It provides a
238  more accurate representation of current land cover, particularly for eastern China,
239 which has experienced intensive urban expansion since the 2000s. Figure 1b shows the
240 land cover data at different resolutions, with detailed descriptions of the legend and
241 land cover classes provided in Table S1.

242 In order to allow for a straightforward comparison of multi-resolutions simulations
243 and facilitate the identification of differences between the high- and low-resolution
244  simulations, the corner locations of the 1 km and 5 km resolution domains are aligned
245  with the corner locations of the 25 km grid cell. Each grid cell in the 25 km simulation
246 consists of a 5 x 5 set of cells from the 5 km simulation, and each grid cell in the 5 km
247  simulation comprises 5 x 5 cells from the 1 km simulation, as shown in Figure S2. Thus,
248 exactly 25 grids at 5 km resolution and 625 grids at 1 km resolution are embedded
249  within each 25 km grid cell.

250 To ensure similar boundary forcing across the three simulations, initial and
251  boundary conditions are handled differently for the 25 km, 5 km, and 1 km resolution
252 domains. For the 25 km resolution, meteorological initial and lateral boundary
253 conditions are obtained from the National Center for Environmental Prediction (NCEP)
254  final reanalysis (FNL) data with 1°x 1<resolution and 6 h temporal resolution. Initial
255 and boundary conditions for the trace gases and aerosol species are provided by the
256 quasi-global WRF-Chem simulation with 360 x 145 grid cells (67.5<5-77.5N, 180 W-
257  180<E) at 1°x 1°resolution. The initial and boundary conditions for the simulation at
258 5 km resolution are derived from the simulation at 25 km resolution. Similarly, the
259 initial and boundary conditions for the simulation at 1 km resolution are derived from
260 the simulation at 5 km resolution. In this way, since the forcing for the study area is
261  consistent across resolutions, differences in simulation results among multi-resolutions
262 can be attributed to disparities in model resolutions.

263
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264  2.1.3 Emissions

265 Anthropogenic emissions for the outer quasi-global simulation are derived from the
266 Hemispheric Transport of Air Pollution version-2 (HTAPv2) at 0.1°x 0.1<horizontal
267  resolution and a monthly temporal resolution for 2010 (Janssens-Maenhout et al., 2015).
268  The Multi-resolution Emission Inventory for China (MEIC) at 0.25°x 0.25horizontal
269  resolution for 2019 (Li et al., 2017a; Li et al., 2017b) is used to replace emissions over
270  China within the simulation domain. Emission differences significantly contribute to
271 pollutant concentration variability across multi-resolutions. Qian et al. (2010) showed
272 that sub-grid variability of emissions can contribute up to 50% of the variability near
273  Mexico City. To eliminate the impact of inconsistent emissions on pollutant
274  concentrations simulated at multi-resolutions, we ensured emission consistency
275  across the three domains by interpolating the 25 km resolution emissions of primary
276  species (NHz, CO, NO2, SOz, BC, OC, PM2s, PM1o, SO4, NO3) to the 5 km and 1 km
277  resolution domains. This study primarily focuses on BC, the spatial distribution of BC
278  emissions is shown in Figure 2. Figure S3 illustrates BC emissions at three different
279  resolutions, demonstrating similar spatial patterns across multi-resolutions. Biomass
280  burning emissions are obtained from the Fire Inventory from NCAR (FINN) at 1 km
281  horizontal resolution and an hour temporal resolution (Wiedinmyer et al., 2011). The
282  diurnal variation of biomass burning emissions follows the suggestions by WRAP
283 (2005), with injection heights based on Dentener et al. (2006) from the Aerosol
284  Comparison between Observations and Models (AeroCom) project. Biogenic
285  emissions were calculated using the Model of Emissions of Gases and Aerosols from
286  Nature (MEGAN) v3.0 model (Zhang et al., 2021).

287

288 2.2 Observational data

289  2.2.1 Meteorological data

290 The meteorological data were obtained from the observation tower at the University
291  of Science and Technology of China (USTC) in Hefei, Anhui, China (117.27E,
292 31.84N), indicated by a solid black triangle in Figure la. The tower measures

293 temperature, relative humidity, wind speed, and wind directionat2 m, 4.5 m, 8 m, 12.5

10
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294 mand 18 m heights. This site represents a typical urban surface within the study area.
295  The tower was installed on the roof of a teaching building, with its top 17 m above the
296  canopy plane. It is equipped with three RM Young 03002 anemometers and three
297 HPM155A temperature and humidity sensors to measure the aforementioned
298  meteorological parameters (Yuan et al., 2016; Liu et al., 2017). This study focuses on
299  analyzing temperature, relative humidity, and wind speed.

300

301 2.2.2 BC surface concentration

302 In this study, we derived the hourly BC observations from the air quality monitoring
303  site on the campus of USTC during spring (March 10 to March 20, 2019). Hefei, a
304  major industrial and transportation hub, serves as the study area. In this study, we focus
305 on analyzing BC observational data to compare with model output. BC was observed
306  using a Multi-angle Absorption Photometer (MAAP, Model-5012) manufactured by
307  Thermo Scientific. This instrument is located approximately 260 m north of the USTC
308  meteorological tower. It takes advantage of the strong visible light absorption properties
309  of BC aerosols. There is a linear relationship between the attenuation of the beam after
310  passing through the aerosol sample and the load of BC aerosols on the fiber membrane.
311  The BC concentration is derived by inverting this relationship. A light scattering
312 measurement is incorporated into the chamber to correct for multiple scattering effects
313  caused by particle accumulation on the filter tape. The MAAP-5012 Black Carbon
314  Meter collects atmospheric aerosols using glass fiber filter membranes and observes
315 them at a wavelength of 670 nm.

316

317 3. Results

318 3.1 Simulated meteorological fields at various resolutions

319 Meteorological fields may play a crucial role in the turbulent mixing and pollutant
320 transport. Therefore, the time series of simulated temperature, wind speed, and relative
321 humidity are evaluated in this study. We evaluate simulated results at three resolutions

322 against observations to assess the impact of resolution on these key meteorological

11
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323 variables. Figure 3a compares the time series of observed and simulated 8-m wind
324  speeds at the USTC site (117.27<E, 31.84N). Simulation results among multi-
325  resolutions are similar, attributing to relatively flat and uncomplicated topography. The
326  temporal trends of the simulations closely align with observational data, exhibiting
327  distinct diurnal variations characterized by higher values during the daytime and lower
328  values at night. Additionally, the model struggles to capture some moments accurately,
329  overestimating wind speed when it suddenly increases. For instance, on March 20 at
330 noon, while the observed peak wind speed is approximately 6 m/s, simulations at 25
331 km and 5 km resolutions produced maximum wind speeds of approximately 9 m/s,
332 significantly exceeding the observed value, with only the 1 km resolution simulation
333 yielding results close to the observation. Figure 3b compares the 2-m temperature
334  simulated at three different resolutions with the observation. The multi-resolutions
335 simulation results exhibit remarkable consistency and closely align with observations.
336  Temperature displays a pronounced diurnal variation, fluctuating between 5 and 30 °C
337  with relative stability. However, the model occasionally underestimates or
338  overestimates values at certain time points. As shown in Figure 3c, the multi-resolutions
339  simulated results demonstrate consistency and accurately capture the diurnal variation
340 trend of observed relative humidity. Model results are highly consistent with
341  observations, both reaching a maximum of 100%. In summary, the simulated
342 meteorological variables across multi-resolutions demonstrate strong similarity and
343  closely match the observations, with only occasional minor discrepancies. However,
344  our subsequent analysis reveals that the variations in pollutant concentrations across
345 multi-resolutions cannot be attributed to the minor discrepancies observed in the time
346  series of meteorological variables.

347

348 3.2 Simulated BC surface concentrations and impacts of turbulent mixing at
349  various resolutions

350  3.2.1 Surface concentrations simulated at three different resolutions

351 The spatial distribution of BC surface concentrations across multi-resolutions in the

352 study area is illustrated in Figure 4. As the resolution improves from 25 km to 5 km and

12
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353 further to 1 km, BC surface concentrations reveal more detailed spatial features. Figure
354  4dapresents the simulation results across multi-resolutions, averaged over the whole day.
355  Significant variations exist from coarse resolutions to fine resolutions, with surface
356  concentrations decreasing as resolution increases from 25 km to 5 km and further to 1
357  km. BC surface concentrations range from 0 to 9 ug/m®. At 25 km resolution, there is a
358  notable discrepancy between the spatial distributions of BC concentrations and
359  emissions (Fig. 2). The highest simulated concentration at 25 km resolution is located
360  west of the USTC site, while maximum emissions are centered at the USTC site. Our
361 analysis indicates that the difference in turbulent mixing between these two regions
362  leads to spatial inconsistency between BC surface concentrations and emissions. The
363  details of this phenomenon will be discussed in section 3.2.2. Figure 4b illustrates the
364  spatial distribution of BC surface concentrations during the daytime. The differences in
365  surface concentrations among multi-resolutions are minimal, with values falling within
366 the range of 0 to 5 ug/m®. In the central urban areas, the BC surface concentration
367 simulated at 25 km resolution is marginally lower than those simulated at finer
368  resolutions. Moreover, during the daytime, simulated BC concentrations over Chaohu
369 lake areas are notably higher than in other regions, potentially due to the impact of dry
370  deposition velocity. Figure S4 shows the spatial distribution of dry deposition velocity,
371 revealing lower values over lakes compared to other areas. This lower dry deposition
372 velocity leads to higher pollutant concentrations over lakes compared to land areas after
373 pollutants transport to the lake surface during the daytime. At night, dry deposition
374  velocity is similar to that of surrounding non-urban land areas. Consequently, nighttime
375  BC concentrations over lakes are approximately equal to those in surrounding areas.
376  Figure 4c demonstrates the spatial distribution of BC surface concentrations during
377  nighttime. Compared to daytime, BC surface concentrations are notably higher in all
378  major urban regions at night, with high-resolution simulations capturing more spatial
379  variations. In conclusion, BC surface concentrations decrease as resolution increases
380  from 25 km to 5 km and further 1 km. However, the spatial distribution of BC surface
381  concentrations at 5 km and 1 km resolutions are similar throughout the whole day.

382 To facilitate a more accurate and direct comparison of results across multi-

13
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383  resolutions, we refine coarse grids to match fine grids. The detailed refinement process
384 is described in Text S1. Figure S5a exhibits the spatial differences in BC surface
385  concentrations between 25 km and 5 km resolutions, as well as between 25 km and 1
386  km resolutions, averaged over the whole day. It reveals that coarse-resolution (25 km
387  resolution) simulations generally yield higher BC surface concentrations than fine-
388 resolutions (5 km and 1 km resolution) simulations across most areas. The largest
389  disparities mainly occur in central urban areas with complex underlying surfaces and
390 complicated flow patterns. Figure S5b demonstrate the spatial differences in BC surface
391 concentrations between 25 km and 5 km resolutions, as well as between 25 km and 1
392 km resolutions during the daytime, revealing smaller disparities mostly ranging
393 between -1 and 1 ug/m?. In contrast, Figure S5c depicts pronounced differences in BC
394  concentrations between 25 km and 5 km resolutions, as well as between 25 km and 1
395  km resolutions during the nighttime, with most areas exhibiting disparities exceeding 2
396  ug/me. The largest differences are mainly concentrated in urban areas. These findings
397 indicate that diversities in BC surface concentrations among multi-resolutions are
398  primarily attributable to nocturnal concentrations in urban areas. However, differences
399  between 5 km and 1 km resolutions are small compared to those between 25 km and
400  finer resolutions (5 km and 1 km). BC surface concentrations are approximately equal
401 inthe 5 kmand 1 km simulations, as shown in Figure S6.

402 Furthermore, BC observations from the USTC monitoring station were utilized to
403  validate the simulated BC surface concentrations. Figure 5 illustrates the diurnal
404  variation of BC surface concentrations averaged over the Hefei region. Both
405  observations and simulations exhibit a pronounced diurnal variation, with lower
406  concentrations during the daytime and higher concentrations at night. During the
407  daytime, BC surface concentrations simulated at three resolutions are comparable to
408  the observational data. However, nighttime simulations significantly overestimate BC
409  surface concentrations. As resolution increases from 25 km to 5 km and 1 km, the
410 simulated surface concentrations decrease, aligning more closely with observations.
411 The 25 km resolution simulations yield the highest concentrations, with a maximum

412 value of approximately 12 ug/m?, nearly double the observed values. In contrast, BC
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413 surface concentrations simulated at 5 km and 1 km resolutions are similar and more
414 closely align with nocturnal observations, peaking at around 9 ug/m®. In conclusion,
415  the diurnal variation of the observation is better captured by high-resolution (5 km and
416 1 km) simulations. The performance of BC surface concentrations across multi-
417  resolutions demonstrates that coarse grid spacing inadequately captures local pollutant
418  distributions. Previous studies have referred that the diurnal variation of BC surface
419  concentrations is mainly controlled by daily variations of PBL mixing and BC
420  emissions (Duetal., 2020). At night, pollutants are trapped within the shallow boundary
421 layer due to the reduced turbulent mixing, resulting in high BC surface concentrations.
422 As the boundary layer develops in the morning, pollutants rapidly diffuse and are
423 transported to upper layers, leading to relatively low surface concentrations. Therefore,
424 the turbulent mixing process plays a crucial role in determining pollutant concentrations.
425  To elucidate the mechanisms underlying the disparities in simulated BC surface
426  concentrations across multi-resolutions in urban areas, we conducted several in-depth
427  analyses to investigate the impact of turbulent mixing on pollutant concentrations.

428

429  3.2.2 Impacts of turbulent mixing on BC surface concentrations at three different
430  resolutions

431 To investigate the vertical mixing depth influencing pollutant diffusion, we first
432 analyze the PBL height, as illustrated in Figure 6. Figure 6a shows the spatial
433 distribution of the PBL height simulated at three different resolutions, averaged over
434  the whole day. Higher-resolution simulations yield lower PBL heights and capture more
435  intricate details compared to lower-resolution simulations. This trend is consistent
436  during both daytime and nighttime. Figure 6b demonstrates that the PBL height exceeds
437 0.9 km across most regions during the daytime. Notably, due to strong topographic
438 influences, the PBL height in the vicinity of Chaohu Lake is remarkably low, typically
439  less than 0.1 km. Conversely, in the southwestern region, characterized by higher
440  elevations and more complex terrain, the PBL height surpasses 1.1 km. Figure 6c
441  depicts the nighttime PBL heights at three different resolutions. These heights

442 predominantly fall below 0.3 km, significantly lower than those during the daytime.
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443 The PBL height gradually decreases as the resolution increases, which should typically
444 lead to higher BC surface concentrations. However, BC surface concentrations actually
445  decrease as resolution increases from 25 km to 5 km and 1km (Figure 4). Consequently,
446  the PBL height alone cannot explain the differences in pollutant simulations among
447  multi-resolutions in this study.

448 Previous studies have established that PBL mixing coefficients are critical
449  determinants in air quality modeling (Du et al., 2020). In WRF-Chem, turbulent mixing
450  within the boundary layer is partially governed by PBL mixing coefficients simulated
451 by the PBL parameterization scheme. The spatial distribution of turbulent mixing
452 coefficients at the lowest model layer is analyzed, as shown in Figure 7. Figure 7a
453 illustrates the simulation results across multi-resolutions averaged over the whole day.
454  The variations in PBL mixing coefficients across different resolutions are evident, with
455  high-resolution simulations capturing more spatial characteristics. The spatial
456  distribution of the PBL mixing coefficient demonstrates strong correlation with land
457  use type and terrain height, which will be explored subsequently. Turbulent mixing
458 coefficients range from 0 to 8 m?/s, with peak values predominantly located in urban
459  areas. Notably, the mixing coefficient simulated at 25 km resolution near surface around
460  USTC substantially exceeds that of the western area, resulting in lower BC surface
461  concentrations simulated at 25 km resolution at USTC compared to its western regions
462 (Figure 4). This discrepancy leads to a mismatch between the spatial distribution of
463  pollutant concentrations and emissions, as discussed in section 3.2.1. During the
464  daytime, the PBL mixing coefficients simulated at three resolutions are relatively high,
465  ranging from 0 to 17 m?%/s, as shown in Figure 7b. BC masses simulated across multi-
466  resolutions are fully mixed within the boundary layer, resulting in similar BC surface
467  concentrations across these resolutions. Conversely, turbulent mixing coefficients
468  diminish considerably during the nighttime, with maximum values approximately 3
469  m?/s, as shown in Figure 7c. The turbulent mixing coefficient emerges as one of the
470  important factors controlling surface pollutant concentrations under stable nocturnal
471 PBL conditions. Nighttime PBL coefficients are higher at 5 km and 1 km resolutions

472 compared to 25 km resolution across most of the study area, resulting in lower BC
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473 surface concentrations at these two higher resolutions during the nighttime. Figure S7
474  further illustrates the disparities in parametrized PBL mixing coefficients between 25
475  km resolution and the two higher-resolution simulations. However, in the lowest model
476  layer, Figure S8 shows that the intension of turbulent mixing parameterized at 5 km
477  resolution is larger than that at 1 km resolution, which fails to explain the similar surface
478  concentrations in these two higher-resolution (5 km and 1 km) simulations. To further
479  investigate this phenomenon, we selected a meridional section passing through the
480  USTC site to analyze the distribution of vertical wind speed flux, which represents the
481  turbulent mixing directly resolved by large-scale dynamic processes.

482 Figure 8 displays the cross section of meridional wind speed flux along the USTC
483  site simulated at three different resolutions. The upward vertical wind speed flux
484  simulated at 25 km resolution are near the surface. However, the 5 km resolution
485  simulation generates stronger upward motion at a slightly higher altitude, specifically
486  between 850 and 1000 hPa. Notably, the 1 km resolution simulation captures the highest
487  vertical wind speed flux, with relatively intensive upward motion extending beyond
488 500 hPa. The 1 km resolution can resolve small-scale eddies and capture the most
489  pronounced vertical wind speed fluxes. In comparison, simulations at 5 km resolution
490  are able to capture smaller-scale eddies, while those at 25 km resolution occasionally
491  capture larger-scale eddies. Despite the larger PBL mixing coefficients at 5 km
492 resolution compared to 1 km resolution near the surface, the upward vertical wind speed
493  flux at 1 km resolution reaches higher altitudes, indicating the presence of more small-
494  scale eddies and resulting in enhanced vertical turbulent mixing. Consequently, near the
495  surface, the combined effects of turbulent mixing, which is represented by both the
496  parameterized PBL mixing coefficient and the directly resolved vertical wind speed
497  flux, lead to similar BC surface concentrations at higher resolutions (5 km and 1 km)
498  simulations. Furthermore, Figure S9 shows the meridional cross section during daytime
499  and nighttime. During the day, the mixing height vertically upward is relatively high at
500 all three resolutions, allowing pollutants to be fully mixed and transported within the
501 PBL. This results in similar BC surface concentrations across multi-resolutions.

502  Conversely, at night, high-resolution simulations resolve more small-scale eddies,
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503  resulting in vertical transport reaching higher altitudes and intensifying turbulent
504 mixing. In conclusion, pollutants in lower-resolutions (25 km) simulations tend to
505 accumulate near the surface, whereas at higher resolutions (5 km and 1 km) simulations,
506  pollutants are transported to higher heights. This phenomenon contributes to imparities
507 in BC surface concentration across multi-resolutions.

508 Previous analysis indicate that the PBL mixing coefficient is one of the main factors
509  contributing to the disparities in BC surface concentrations across multi-resolutions.
510  Therefore, we further explored the factors influencing the spatial distribution of the
511  PBL mixing coefficient. Our analysis reveals that the spatial distribution of the PBL
512 mixing coefficient is closely related to land use types and terrain height. Specifically,
513  the overall distribution of the turbulent mixing coefficient is closely resembled by the
514 land use types (Figure 1b and Figure 7). However, in areas with obvious magnitude
515  changes, such as east of the USTC site, the turbulent mixing coefficient displays distinct
516 gradient changes that are not reflected in land use patterns. Notably, the spatial
517  distribution of the topographic height (Figure 1a) in this region exhibits distinct gradient
518  changes similar to those of the turbulent mixing coefficients. Consequently, the spatial
519  distribution of the turbulent mixing coefficient is influenced by both terrain and land
520  use types. This correlation can be attributed to the inter-relationship among turbulent
521  mixing, friction velocity, terrain, and land use types. Terrain and land use types
522 influence friction velocity by modifying surface roughness, which in turn directly
523 affects turbulent mixing coefficients within the PBL. Higher surface roughness
524  typically lead to greater fiction velocity, subsequently enhancing turbulent intensity and
525 increasing the vertical mixing efficiency of pollutants within the PBL. To further
526  investigate this relationship, the spatial distribution of friction velocity is analyzed, as
527  shown in Figure 9. The analysis reveals that friction velocity increases as resolution
528 increases from 25 km to 5 km and 1 km resolutions, with finer resolutions (5 km and 1
529  km) capturing more spatial details. Differences in friction velocity are illustrated in
530 Figure S10. The spatial distribution of friction velocity indeed correlates with terrain
531 and land use patterns, consequently influencing the distribution of the PBL mixing

532 coefficient. As a result, the spatial distribution of the PBL mixing coefficient correlates
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533  with land use types and terrain height.

534 Our study indicates that variations in land use type distribution simulated at
535  different resolutions are a significant factor causing changes in PBL mixing coefficient
536  across multi-resolutions. These variations in mixing coefficients relate closely to BC
537  surface concentrations, explaining specific patterns of BC surface concentration
538  distributions. For example, the BC surface concentration south of the USTC site
539 increases as resolution improves from 25 km to 5 km and 1 km resolutions (Figure 4
540 and Figure S5), contrasting with concentration variations simulated in other regions.
541  Our analysis reveals that the turbulent mixing coefficient simulated at 25 km resolution
542 s higher compared to the two higher-resolution simulations in this area (Figure 7 and
543  Figure S7). Moreover, the spatial distribution of land use types indicates that the 25 km
544  resolution simulation resolves only a single urban land use type in this area (Figure 1b).
545 In contrast, higher resolution simulations capture additional land use types beyond the
546  urban, including lakes, farmland, and shrubs (Figure 1b). The inclusion of these diverse
547  land use types in the higher resolution leads to smaller PBL mixing coefficients in this
548  area, as the surface roughness associated with lakes, farmland, and shrubs is generally
549  lower than that of urban areas. As a result, the reduced vertical mixing in the finer
550  resolution (5 km and 1 km) simulations results in higher BC surface concentrations
551  south of the USTC site.

552

553 3.3 Simulated BC column concentrations and impacts of turbulent mixing at
554  various resolutions

555  3.3.1 Simulated BC column concentrations at three different resolutions

556 It is generally accepted that the turbulent mixing process primarily affects
557  pollutant surface concentrations by mixing surface pollutants into higher layers,
558  without altering the column concentration. However, in this study, BC column
559  concentrations exhibit differences across multi-resolutions simulations. Therefore, we
560 further investigate the spatial distribution of BC column concentrations and the main
561  mechanisms behind these variations. Figure 10a illustrates the spatial distribution of

562  BC column concentrations simulated at three resolutions, averaged over the whole day.
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563  The regional average values for the three resolutions are 2041, 2150, and 2223 ug/m?,
564  respectively. The 5 km and 1 km resolution simulations yield larger BC column
565  concentrations compared to 25 km resolution simulations. The spatial distribution of
566  BC column concentrations simulated at 25 km resolution is highly consistent with the
567  BC emission distributions (Figure 2), showing high concentrations in central urban
568  areas exceeding 2500 ug/m?, while regions distant from urban centers demonstrate
569  lower concentrations, generally below 2100 ug/m?. The 5 km resolution simulation
570  results indicate peak column concentrations concentrated in urban areas and spread
571 around, with the southwestern area approaching 2250 ug/m?. The 1 km resolution
572 simulation results yield the largest BC column concentrations and demonstrate the most
573 pronounced diffusion tendency, with most areas exceeding 2250 ug/m?. Figure 10b and
574  Figure 10c reveal lower BC column concentrations during the daytime compared to
575 those at night, with a more pronounced dispersion trend of column concentrations
576  simulated at night. Figure S11 depicts the differences in BC column concentrations
577  between 25 km and 5 km resolutions, as well as between 25 km and 1 km resolutions,
578  revealing that BC column concentrations in coarser resolutions are marginally lower
579  than those in finer resolutions (5 km and 1 km) in most of the study areas. On the other
580 hand, the BC column concentration simulated at 1 km resolution are larger than those
581  at 5 km resolution, as shown in Figure S12. In conclusion, BC column concentrations
582  increases with increased resolutions, accompanied by a more pronounced dispersion
583  tendency towards higher and farther areas.

584

585  3.3.2 Impacts of turbulent mixing on BC column concentrations at three different
586  resolutions

587 We further analyze the mechanisms underlying the differences in BC column
588  concentrations across multi-resolutions in urban areas. Figure 11a displays the vertical
589  profiles of BC concentrations averaged over the study area. The BC profiles at 25 km
590  resolution exhibit significant variability, generally decreasing from the surface to higher
591 altitudes. The near-surface BC concentration is approximately three times higher than

592 those at high altitudes, with surface concentrations reaching about 3 ug/m3. At an

20



https://doi.org/10.5194/egusphere-2024-3890
Preprint. Discussion started: 16 January 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

593 altitude of 100 m, the concentration drops to 1 ug/m?, while above this elevation, the
594  BC concentration is less than 1 ug/m3. Substantial disparities exist among multi-
595  resolutions simulations in the vertical profiles of BC concentrations. Our analyses
596 above have shown that near the surface, the parameterized mixing coefficients and
597  directly resolved vertical wind speed flux are lower at 25 km resolution compared to 5
598  kmand 1 km resolutions, reducing the vertical mixing of pollutants in 25 km resolution
599  simulations. Thus, BC concentrations at 25 km resolution are higher near the surface
600 and lower at higher altitudes compared to high-resolution (5 km and 1 km) simulations.
601  Moreover, the parametrized PBL mixing coefficient at 1 km resolution is lower than at
602 5 km resolution in the atmosphere, but the directly resolved upward vertical wind speed
603  flux by the model dynamic process reaches higher altitudes at 1 km resolution compared
604 to 5 km resolution. Thus, due to the combined effects of these two processes, the
605  intensity of turbulent mixing is similar between the 5 km and 1 km resolutions at near-
606  surface levels, whereas it is greater at 1 km resolution than at 5 km resolution at higher
607  altitudes. In numerical models, sub-grid scale (SGS) turbulent diffusion is typically
608  simulated by parameterization schemes. However, as model resolution increases, such
609 as achieving 1 km resolution, the turbulent mixing is increasingly resolved by the
610 dynamical framework of model. This advancement allows the model to capture
611  dynamic structures and small-scale turbulence more accurately, significantly enhancing
612  the strength of turbulent mixing. The direct resolve of dynamic processes reduces
613  reliance on traditional parameterization schemes, thereby decreasing the PBL mixing
614  coefficient parameterized at finer resolutions. In conclusion, at higher altitudes, the
615 enhanced turbulent mixing efficiently facilitates more ground-emitted pollutants to
616  higher height as resolution increases. Thus, BC concentrations at 5 km and 1 km
617  resolution are similar near surface, with 1 km resolution yielding the largest
618  concentrations at higher altitudes.

619 To further investigate the BC column concentrations and their dispersion tendency
620  towards farther areas, we analyzed the vertical profile of wind speed at three resolutions
621  averaged over the study area, as shown in Figure 11b. The vertical profile of wind speed

622 isrelatively consistent across the three resolutions. From the ground to higher altitudes,
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623  the overall wind speed gradually increases, transitioning from low speeds near the
624  surface to higher speeds aloft. Near the ground, the simulated average wind speed is
625  approximately 1 m/s, increasing to 4 m/s at an altitude of 1 km, and reaching an average
626  of about 7 m/s at an altitude of 2 km. In the upper atmosphere, characterized by larger
627  wind speeds, pollutants mixed up from near-surface can be transported and dispersed
628  farther. As previously mentioned, BC simulated in higher-resolution simulations can be
629 transported to higher altitudes, thus dispersing over greater distances by stronger winds.
630  Therefore, as the resolution increases, the trend of diffusion towards farther regions in
631  the simulated BC column concentrations becomes more pronounced.

632 As previously discussed, higher-resolution simulations facilitate BC transport to
633  greater altitudes and further distances. This phenomenon extends its atmospheric
634 lifetime, consequently resulting in increased column concentrations. Bauer et al. (2013)
635  noted that turbulent mixing and convective transport processes play a critical role in
636  determining BC lifetimes. Figure 12 illustrates the spatial distribution of BC lifetime,
637  calculated by dividing the BC column concentration by the dry deposition flux. It
638  demonstrates that BC lifetime gradually lengthens as resolution increases. The average
639 lifetime of BC column concentrations in the study area is 344 h, 350 h, and 382 h for
640  25km, 5 km, and 1 km resolutions, respectively. These results clearly demonstrate that
641  BC simulated at higher resolutions exhibits prolonged atmospheric residence times.
642  Consequently, the BC column concentration is higher in high-resolution simulations.

643

644 4. Conclusion and Discussion

645 Turbulent mixing plays a crucial role in urban pollutant transport by enhancing the
646  diffusion of atmospheric pollutants. Current atmospheric models often underestimate
647  turbulent exchange within stable nocturnal boundary layers, and the turbulent mixing
648  varies markedly across different model resolutions. However, few studies have
649  analyzed how turbulent mixing processes across multi-resolutions affect pollutant
650  concentrations in urban areas. Therefore, our goal is to elucidate the variations in

651  pollutant concentrations across multi-resolutions and investigate the influence of
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652 turbulent mixing on pollutant concentrations at various resolutions.

653 We conducted a three-nested WRF-Chem simulation at 25 km, 5 km, and 1 km
654  resolutions in the Hefei area. BC surface concentrations decrease as resolution increases
655  from 25 km to 5 km and further to 1 km but are similar at 5 km and 1 km resolutions,
656  showing significant diurnal variations with higher concentrations at night and lower
657  during the daytime. The BC surface concentrations across multi-resolutions align well
658  with USTC site observations during daytime but are overestimated at night, with this
659  overestimation decreasing at higher-resolution (5 km and 1 km). Disparities in BC
660  surface concentrations between the two finer-resolution and the 25 km resolution
661  simulations are primarily attributable to nocturnal concentrations. The PBL mixing
662  coefficient plays a crucial role in controlling surface pollutant concentrations at night.
663  Larger nighttime PBL mixing coefficients and higher vertical wind speed flux at 5 km
664 and 1 km resolutions compared to 25 km resolution near the surface result in lower BC
665  surface concentrations. However, the PBL mixing coefficient at 5 km is larger than at
666 1 km resolution. Moreover, the upward vertical wind speed flux resolved at 1 km
667  resolution reaches higher altitudes compared to 25 km and 5 km resolutions, indicating
668  more small-scale eddies and resulting in enhanced turbulent mixing. Consequently, near
669  the surface, the combined effects of parametrized PBL mixing coefficient and the
670  directly resolved vertical wind speed flux lead to similar BC surface concentrations at
671 5 kmand 1 km resolutions.

672 Further analysis reveals that the spatial distribution of PBL mixing coefficients is
673 influenced by both land use types and terrain heights. The turbulent mixing coefficient
674  correlates with the spatial distribution of land use types at smaller scales, while
675  correlating with terrain heights at larger scales, particularly in regions with complex
676  topography and complicated flow patterns. This correlation can be attributed to the
677 interrelationship among turbulent mixing coefficients, friction velocity, terrain, and
678 land use types. The static database of terrain and land use types employed as model
679  input determines the surface roughness. Higher surface roughness typically leads to
680  greater fiction velocity, subsequently increasing the PBL mixing coefficients.

681 The variations in turbulent mixing across multi-resolution simulations not only
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682  affect the BC surface concentration but also lead to different BC column concentrations.
683  BC column concentrations increase with improved resolutions, accompanied by a more
684  pronounced diffusion tendency towards higher altitudes and distant regions.
685  Throughout the atmosphere, turbulent mixing intensifies with improved resolutions,
686  resulting in pollutants being transported to higher altitudes. Concurrently, wind speed
687  increases with altitude, facilitating the pollutants which are mixed to higher altitudes to
688  be spread farther. Consequently, BC simulated at higher resolution is transported to
689  greater altitudes and dispersed to farther regions, thus persisting in the atmosphere for
690  longer periods and leading to larger lifetimes. As a result, BC column concentrations
691  increase with finer resolutions.

692 This study highlights the importance of model resolution in simulating the
693  dispersion of atmospheric pollutants. We observed that the enhanced turbulent mixing
694  strength in high-resolution can more accurately reproduce the vertical and horizontal
695 distribution of pollutants, thus aligning the simulated pollutant surface concentrations
696  more closely with actual observations. In contrast, turbulent mixing in low-resolution
697  simulations, primarily depending on boundary layer parameterizations, may not
698  adequately capture the dynamics of turbulence, leading to discrepancies between the
699  simulated and actual distribution of pollutants, particularly during the night with stable
700  boundary condition. Future research should focus on improving PBL parameterization
701 schemes to enhance model performance at lower resolutions, thereby better serving the
702 needs of air pollution control and environmental management.

703 Moreover, we have noted that the parameterized PBL mixing coefficient decreases
704  when transitioning from 5 km to 1 km resolution, alongside an increase in vertical wind
705  speed flux which represents turbulent mixing directly resolved by the dynamical
706  processes. This trend suggests that if the resolution was further increased to LES scales,
707  the parameterized PBL mixing coefficient might diminish significantly, potentially
708  approaching zero, while the turbulence mixing resolved directly by the dynamics would
709  intensify considerably. At LES scales, the majority of turbulent mixing is directly
710  resolved, capturing the atmospheric dynamical processes and turbulent exchanges more

711 realistically, thereby reducing the simulation biases caused by parameterization errors.
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712 This shift diminishes reliance on traditional boundary layer parameterizations to
713 simulate turbulent mixing, leading to a substantial reduction in the parameterized
714  boundary layer mixing coefficient. By capturing the finer details of atmospheric
715 dynamics, the model provides a more realistic representation of turbulent mixing and
716  related physical processes, which is crucial for understanding weather patterns, climate
717  variability, and pollutant dispersion. However, due to the huge computational resources
718  required for LES simulation, we have not yet performed an analysis at the LES scale,
719  but it is worth further exploring in the future.

720 Our analysis also found that higher-resolution facilitate transport over greater
721 distances, suggesting that inter-city pollutant diffusion can be affected by model
722 resolution, with coarse-resolution potentially reducing long-range transport and inter-
723 urban impacts. While previous studies have examined pollutant formation mechanisms
724  at specific resolutions and explored the physical and chemical interactions among
725  megacities, few have considered the impacts of different resolutions on long-range
726  transport between cities. Due to computational cost constraints, inter-urban impacts are
727 not discussed in this study but deserve further investigation in the future. Furthermore,
728  this study focuses exclusively on BC, a primary aerosol species, while the impact of
729  grid resolution on secondary aerosols may differ. Future investigations could expand
730 this analysis to encompass a wider spectrum of pollutant species.
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742 Data availability. The release version of WRF-Chem can be downloaded from
743 http://lwww2.mmm.ucar.edu/wrf/users/download/get_source.html. The updated USTC
744  version of WRF-Chem can be downloaded from http://aemol.ustc.edu.cn/product/list/
745 or contact chunzhao@ustc.edu.cn. Additionally, code modifications will be
746  incorporated into the release version of WRF-Chem in the future.
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1125 Table 1 WRF-Chem model configuration
Horizontal resolution 25km & 5km & 1 km
Domain size 140 x 105 & 250 x 250 & 150 x 150
Simulation period 5 March to 21 March 2019
Gas-phase chemistry scheme SAPRC99 mechanism
Radiation scheme Fast-J
PBL scheme YSU scheme
Microphysics scheme Morrison two-moment scheme
Land surface scheme Noah land-surface scheme
Cumulus scheme Kain-Fritsch (25 km grid only)
Surface layer scheme Revised MM5 Monin-Obukhov scheme
Longwave radiation scheme RRTMG scheme
Shortwave radiation scheme RRTMG scheme
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1156  Figure 1. (a) The terrain height (m) in the study area for 25-km (left), 5-km (middle),
1157 and 1-km (right) resolution simulations, respectively; (b) Spatial distribution of land
1158  use types in the study area for 25-km (left), 5-km (middle), and 1-km (right) resolution
1159  simulations, respectively. The solid black triangle indicates the location of the USTC
1160  site.
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1183  Figure 3. Time series at USTC meteorological tower observation site of observed
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1203  Figure 5. Diurnal variation of BC surface concentrations within 24 h averaged over
1204  the Hefei region (within the range of Figure 1a) during the study period for 25-km
1205  (solid red line), 5-km (solid blue line), and 1-km (solid green line) resolution

1206  simulations and observations (black dot). Both the simulated results and observations
1207  are sampled at the model output frequency, i.e., 3-hourly.
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1222 Figure 6. Spatial distribution of the PBL height in the study area for 25-km (left), 5-

1223 km (middle), and 1-km (right) resolution simulations of the whole day (top), the
1224  daytime (middle), and the nighttime (bottom), respectively. The solid black triangle
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1229  Figure 7. Spatial distribution of PBL mixing coefficients in the study area for 25-km
1230 (left), 5-km (middle), and 1-km (right) resolution simulations of the whole day (top),
1231 the daytime (middle), and the nighttime (bottom), respectively. The solid black

1232 triangle indicates the location of the USTC site.
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1236 Figure 8. The latitude-pressure cross section of BC concentrations and wind speed

1237 flux along the USTC site for 25-km (top), 5-km (middle), and 1-km (bottom)

1238  resolution simulations of the whole day, respectively. Vector arrows are the

1239 combination of wind speed fluxes v and w, with the vertical wind speed flux being
1240  multiplied by 100 for visibility. The shaded contours represent BC concentrations at
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The solid black triangle indicates the location of the USTC site.
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1266  Figure 10. Spatial distribution of the BC column concentration in the study area for
1267  25-km (left), 5-km (middle), and 1-km (right) resolution simulations of the whole day
1268  (top), the daytime (middle), and the nighttime (bottom), respectively. The solid black
1269  triangle indicates the location of the USTC site.
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1273 Figure 11. (a) Vertical profiles of BC concentrations simulated at 25-km resolution
1274  (solid red line), the difference between 5-km and 25-km resolutions (solid black line),
1275  and the difference between 1-km and 25-km resolutions (solid orange line) averaged
1276  over the study area for the whole day, respectively. (b) Vertical profiles of wind speed
1277  simulated at 25-km resolution (solid red line), 5-km resolution (solid blue line), and 1-
1278  km resolution (solid green line) averaged over the study area for the whole day,

1279  respectively.
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1291 Figure 12. Spatial distribution of the lifetime in the study area for 25-km (left), 5-km

1292 (middle), and 1-km (right) resolution simulations of the whole day, respectively. The
1293 solid black triangle indicates the location of the USTC site.
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