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Key points: 24 

1. Planetary boundary layer (PBL) mixing is the determinant factor in modeling the 25 

diurnal cycle of surface PM2.5 concentrations over East China  26 

2. Besides the PBL height, PBL mixing coefficient is also the key factor controlling the 27 

simulated diurnal cycle of surface PM2.5 concentrations in WRF-Chem  28 

3. The PBL mixing during the night over East China may be underestimated by 29 

WRF-Chem; Increase of PBL mixing during the night can significantly reduce the 30 

modeling biases of surface PM2.5 concentrations and also the modeling sensitivity to 31 

the PBL configuration  32 

4. The diurnal cycle and injection height of anthropogenic emission have impacts on 33 

simulating diurnal cycle of surface PM2.5 concentrations but smaller than that from 34 

PBL mixing 35 

36 
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Abstract 37 
Diurnal variation of surface PM2.5 concentration (diurnal PM2.5) could dramatically 38 

affect aerosol radiative and healthy impact, and can also well reflect the physical and 39 

chemical mechanisms of air pollution formation and evolution. So far, diurnal PM2.5 and its 40 

modeling capability over East China has not been investigated, and therefore, is examined in 41 

this study. Based on the observations, the normalized diurnal amplitude of surface PM2.5 42 

concentrations averaged over East China is the weakest (~1.2) in winter, and reaches ~1.5 in 43 

other seasons. The diurnal PM2.5 shows the peak concentration during the night in spring and 44 

fall and during the daytime in summer. The simulated diurnal PM2.5 with WRF-Chem and its 45 

contributions from multiple physical and chemical processes are examined in the four 46 

seasons. The simulated diurnal PM2.5 with WRF-Chem is primarily controlled by planetary 47 

boundary layer (PBL) mixing and emission variations, and is significantly overestimated 48 

against the observation during the night. This modeling bias is likely primarily due to the 49 

inefficient PBL mixing of primary PM2.5 during the night. The simulated diurnal PM2.5 is 50 

sensitive to the PBL schemes and vertical layer configurations with WRF-Chem. Besides the 51 

PBL height, the PBL mixing coefficient is also found as the critical factor determining the 52 

PBL mixing of pollutants in WRF-Chem. With reasonable PBL height, the increase of lower 53 

limit of PBL mixing coefficient during the night can significantly reduce the modeling biases 54 

in diurnal PM2.5 and also the mean concentrations, particularly at the major cities of East 55 

China. It can also reduce the modeling sensitivity to the PBL vertical layer configurations. 56 

The diurnal variation and injection height of anthropogenic emissions also play roles on 57 

simulating diurnal PM2.5, but the impact is relatively smaller than that from the PBL mixing. 58 

This study underscores that more efforts are needed to improve the boundary mixing process 59 

of pollutants in models with observations of PBL structure and mixing fluxes in addition to 60 

PBL height, in order to simulate reasonably the diurnal PM2.5 over East China. The diurnal 61 

variation and injection height of anthropogenic emissions are also necessary to be included to 62 

simulate the diurnal PM2.5 over East China. 63 

 64 

 65 

 66 

 67 

68 
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1. Introduction 69 

The Yangtze River Delta (YRD) region of East China hosts the economic engine and a 70 

major portion of the Chinese population. During the past two decades, the rapid economic 71 

growth has resulted in significant elevated surface air pollutants over East China, especially 72 

particulate matter (PM), also called aerosols. Previous studies have indicated that exposure to 73 

the high concentrations of PM2.5 (fine particulate matter with aerodynamic diameter less than 74 

2.5 μm) can cause many health issues such as lung cancer (LC), ischemic heart disease(IHD), 75 

asthma, and nervous system breakdown (e.g., Seaton et al., 1995; Davidson et al., 2005; Pope 76 

III et al., 2006; Ho et al., 2018; Li et al., 2018; Liu T et al., 2018). It has become the fourth 77 

risk factor of deaths in China and 11.1% of all deaths are attributable to the ambient elevated 78 

concentrations of particulate matter (Gakidou et al., 2017). Besides the health impacts, 79 

atmospheric aerosols can also influence the radiative energy budget of the Earth’s system 80 

through interacting with radiation, and serving as cloud condensation nuclei (CCN) and ice 81 

nuclei (IN) and hence modifying cloud microphysics and precipitation (e.g., Ackerman, 1977; 82 

Dickerson et al., 1997; Jacobson, 1998).  83 

Many studies have investigated spatial and temporal variations of atmospheric aerosol 84 

over China in last decades. The PM2.5 concentrations are higher in North China than in South 85 

China. The highest surface PM2.5 concentrations appear in winter and the lowest in summer, 86 

and the highest and lowest surface PM2.5 concentrations of a day often occur in the evening 87 

and afternoon, respectively (e.g., Gong et al., 2007; Fu et al., 2008; Hu et al., 2014; Wang ZF 88 

et al., 2014; Wang YG et al., 2014; Wang YJ et al., 2014; Geng et al., 2015; Xie et al., 2015; 89 

Zhang and Cao, 2015; Zhang H et al., 2015). Moreover, modeling analysis can help 90 

understand the chemical and physical processes affecting aerosol formation and evolution 91 

(e.g., Ying et al., 2009; Zhang et al., 2010; Liao et al., 2014; Wang YX et al., 2014; Wang YJ 92 

et al., 2014; Hu Z et al., 2016; Li et al., 2016; Yang et al., 2016; Hu J et al., 2016; Zhao et al., 93 

2017). Yang et al. (2016) reproduced an increasing trend of winter PM2.5 concentrations 94 

averaged over East China for 1985-2005 with the GEOS-Chem model, and found that the 95 

variations in anthropogenic emissions dominated the increase of winter surface PM2.5 96 

concentrations over East China and the variations in meteorological fields also played an 97 

important role in influencing the decadal increase in winter PM2.5 concentrations over East 98 

China. Hu J. et al., (2016) investigated the spatial and temporal distribution of secondary 99 

organic aerosol (SOA) in China in 2013 with the WRF-CMAQ model and found that the 100 
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formation of SOA from biogenic emissions was significantly enhanced due to anthropogenic 101 

emissions.  102 

Most of previous modeling studies focused on understanding the mechanisms driving 103 

PM variation on daily or seasonal scales or/and evaluating the simulation of daily and 104 

monthly mean PM concentrations over East China. Few studies evaluated the model 105 

performance in simulating diurnal cycle of surface PM concentrations and investigated the 106 

mechanisms underneath. However, the model capability of capturing diurnal cycle of surface 107 

PM concentrations is critical for revealing mechanisms of PM formation and evolution and 108 

may also affect simulating mean concentrations. Some studies also found that diurnal 109 

variation of surface PM concentrations can affect the daily average radiative forcing (e.g., 110 

Arola A et al., 2013; Kassianov et al., 2013; Kuang et al., 2015; Wang Z et al., 2015; Song et 111 

al., 2018). Based on the ground-based data collected in Hefei from 2007 to 2013, Wang Z et 112 

al. (2015) demonstrated that using daily averaged aerosol properties to retrieve the 24-h 113 

average direct aerosol radiative forcing can have positive biases of up to 7.5 W m-2 for the 114 

cases. Arola et al. (2013) found that the aerosol optical depth (AOD) diurnal cycles have 115 

significant impacts on the daily mean aerosol radiative forcing. 116 

Previous studies have observed evident diurnal variations of surface PM over East China 117 

(e.g., Gong et al., 2007; Gu et al., 2010; Pathak et al., 2011; Feng et al., 2014; Hu et al., 2014; 118 

Huang et al., 2014; Ma et al., 2014; Zhang and Cao, 2015; Chen et al., 2016; Tao et al., 2016; 119 

Zhao et al., 2016; Chen et al., 2017; Jia et al., 2017; Guo H et al., 2017; Guo J et al., 2017;). 120 

Zhang and Cao (2015) used a long-term dataset of surface PM2.5 concentrations measured at 121 

190 cities of China, and found that the diurnal variation of the PM2.5-to-CO ratio consistently 122 

displayed a pronounced peak during the afternoon, reflecting a significant contribution of 123 

secondary PM formation. Guo H et al. (2017) investigated the diurnal cycle of PM2.5 in China 124 

with the observations obtained at 226 sites of China during the period of January of 2013 to 125 

December of 2015 and found the surface PM2.5 concentrations reached the maximum in the 126 

morning over the YRD region.  127 

Diurnal variation of surface PM concentrations can be controlled by many factors 128 

including emissions, chemical reactions, and meteorology (e.g., Wang et al., 2006; Huang et 129 

al., 2010; Wang et al., 2010; Menut et al., 2012; Qi et al., 2012; Quan et al., 2013; Tiwari et 130 

al., 2013; Li et al., 2014; Pal et al., 2014; Sun et al., 2015; Zhang and Cao, 2015; Roig et al., 131 

2019; Xu et al., 2019). Wang et al. (2010) found that simulations with hourly emission 132 

inventory can reproduce the diurnal variation patterns and magnitude of AOD better than 133 

simulations with daily emission inventory. Xu et al. (2019) compared the diurnal cycles of 134 
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aerosol species between 2014 and 2016 observed by Aerodyne high-resolution aerosol mass 135 

spectrometer in Beijing and found that the increase of secondary inorganic nitrate, sulfate, 136 

and ammonium throughout the day in 2016 were mainly caused by the enhanced 137 

photochemical production. With the dataset of PBL height derived from the space-borne and 138 

ground-based lidar, Su et al. (2018) investigated the relationship between PBL height and 139 

surface PM concentrations across China and found nonlinearly negative responses of PM to 140 

PBL height evolution over polluted regions, especially when the PBL height is shallow and 141 

PM concentration is high. 142 

 Since very few studies evaluated the modeling performance of diurnal cycle of 143 

surface PM concentrations over East China and investigated the mechanisms underneath, this 144 

study investigates the WRF-Chem (Weather Research and Forecasting model coupled with 145 

Chemistry) simulation of diurnal variation of PM2.5 over East China. WRF-Chem (Grell et al., 146 

2005; Skamarock et al., 2008; Powers et al., 2017) is an online-coupled meteorology and 147 

chemistry model that simulates meteorological fields and air pollutant concentrations 148 

simultaneously. It has been widely used for studying the temporal and spatial variation of 149 

aerosols (e.g., Jiang et al., 2012; Zhou et al., 2014; Bei et al., 2016; Wang et al., 2016; Zhang 150 

et al., 2016; Zhong et al., 2016; Li P et al., 2017; Zhao et al., 2017; Zhou et al., 2017; Liu S et 151 

al., 2018; Ni et al., 2018) and their meteorological and climatic impacts over East China (e.g., 152 

Gong et al., 2007; Ding et al., 2013; Wu et al., 2013; Gao et al., 2014; Chen et al., 2014; 153 

Zhao et al., 2014; Zhang B et al., 2015; Zhang L et al., 2015; Huang et al., 2016; Liu et al., 154 

2016; Petäjä et al., 2016; Zhao B et al., 2017). Most of the previous modeling studies with 155 

WRF-Chem over China investigated the influencing factors on spatial distribution and 156 

monthly or seasonal variation of PM. None of them focused on the performance of simulating 157 

diurnal variation of PM with WRF-Chem.  158 

The study will examine the observed characteristics of diurnal variation of surface PM2.5 159 

concentrations over the YRD region of East China in four seasons of 2018. The WRF-Chem 160 

simulations are conducted for one month of each season over East China as shown in Fig 1a, 161 

and the simulated diurnal cycle of surface PM2.5 concentrations will be evaluated through 162 

comparing with hourly observations of surface PM2.5 concentrations released by the Ministry 163 

of Environmental Protection (MEP) of China for 190 stations over the YRD region of East 164 

China in 2018. The model is also used to investigate the mechanisms driving the diurnal 165 

cycle of surface PM2.5. This study will focus on the impacts from meteorology and 166 

anthropogenic emissions on the diurnal variation of surface PM2.5 concentrations. For 167 

meteorology, we will focus on the PBL mixing process that has been found largely 168 
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controlling the diurnal variation of surface pollutant concentrations (Liu M et al., 2018). For 169 

emissions, based on the findings of Wang et al. (2010) and Yang et al. (2019), the diurnal 170 

variation and injection height of emission will be investigated. The rest of the paper is 171 

organized as follows. The detailed introduction of WRF-Chem model and numerical 172 

experiments, anthropogenic emissions, and observations will be presented in Section 2. The 173 

examination of simulated diurnal variation of surface PM2.5 concentrations and the impacts of 174 

PBL mixing and emission will be discussed in Section 3. The summary and discussion can be 175 

found in Section 4 and 5, respectively. 176 

 177 

2. Methodology 178 

2.1 Models and experiments 179 

2.1.1 WRF-Chem 180 

In this study, the version of WRF-Chem updated by University of Science and 181 

Technology of China (USTC version of WRF-Chem) is used. This USTC version of 182 

WRF-Chem includes some additional capabilities such as the diagnosis of radiative forcing 183 

of aerosol species, land surface coupled biogenic VOC (Volatile Organic Compounds) 184 

emission, aerosol-snow interaction compared with the publicly released version (Zhao et al., 185 

2013a,b, 2014, 2016; Hu et al., 2019). Particularly, in order to understand the modeling 186 

mechanisms driving the diurnal variations of surface PM2.5 concentrations over East China, 187 

this study updates the USTC version of WRF-Chem to include the diagnosis of contribution 188 

to surface PM2.5 concentrations from individual process including transport, emission, dry 189 

and wet deposition, PBL mixing, and chemical production/loss through estimating the 190 

difference of surface PM2.5 concentrations before and after individual process during the 191 

simulation. More specifically, the contribution of each process is estimated in the following 192 

formula:   193 

                       194 

where and  represent the concentration of species S before (model time T0) and 195 

after (model time T), respectively, the process P. Therefore,  represents the 196 

contribution of the process P to the change of concentration of species S during the time 197 

period (T-T0). For example, if C0 and C represent the surface concentrations of PM2.5 before 198 

(T0) and after (T), respectively, the PBL mixing, the contribution (CT) of PBL mixing to the 199 

change of surface concentrations of PM2.5 during the time period (T-T0) can be estimated as 200 

(C-C0). The overall contribution during a specific time period (e.g., one day) can be obtained 201 
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through integrating  for this time period.  202 

The Model for Simulating Aerosol Interactions and Chemistry (MOSAIC, Zaveri and 203 

Peter,1999; Zaveri et al.,2008) and the CBM-Z (carbon bond mechanism) photochemical 204 

mechanism (Zaveri and Peters, 1999) are used. The MOSAIC aerosol scheme includes 205 

physical and chemical processes of nucleation, condensation, coagulation, aqueous phase 206 

chemistry, and water uptake by aerosols. All major aerosol components including sulfate, 207 

nitrate, ammonium, black carbon (BC), organic matter (OM), sea salt, mineral dust, and other 208 

inorganics (OIN) are simulated in the model. OIN represents the unidentified aerosol species 209 

other than OM, BC, sulfate, ammonium, and nitrate in emissions if any, which are composed 210 

mostly of minerals in emissions in this study. Aerosol size distributions are represented by 211 

eight discrete size bins through the bin approach (Fast et al., 2006). Dry deposition of aerosol 212 

mass and number is simulated following the approach of Binkowski and Shankar (1995), 213 

which includes both particle diffusion and gravitational effects. Wet removal of aerosols by 214 

grid resolved stratiform clouds/precipitation includes in-cloud removal (rainout) and 215 

below-cloud removal (washout) by impaction and interception, following Easter et al. (2004) 216 

and Chapman et al. (2008). In this study, cloud-ice-borne aerosols are not explicitly treated in 217 

the model but the removal of aerosols by the droplet freezing process is considered. 218 

Convective transport and wet removal of aerosols by cumulus clouds follow Zhao et al. 219 

(2013a). Aerosol radiative feedback is coupled with the Rapid Radiative Transfer Model 220 

(RRTMG) (Mlawer et al., 1997; Iacono et al., 2000) for both SW and LW radiation as 221 

implemented by Zhao et al. (2011). The optical properties and direct radiative forcing of 222 

individual aerosol species in the atmosphere are diagnosed following the methodology 223 

described in Zhao et al. (2013b). A detailed description of the computation of aerosol optical 224 

properties in WRF-Chem can be found in Fast et al. (2006) and Barnard et al. (2010). 225 

Aerosol-cloud interactions were included in the model by Gustafson et al. (2007) for 226 

calculating the activation and re-suspension between dry aerosols and cloud droplets. 227 

 228 

2.1.2 Numerical experiments 229 

In this study, WRF-Chem is conducted with two nested domains (one-way nesting) in 230 

one month of each season of 2018 (i.e., January, April, July, October of 2018). The outer 231 

quasi-global domain with 360145 grid cells (180°W~180°E,67.5°S~77.5°N) at the 1°1° 232 

horizontal resolution is used to provide the chemical boundary to the inner domain with 233 

112105 grid cells (109.0°E~124.9°E, 24.0°N~38.9°N) at the horizontal resolution of 15 km 234 
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over East China covering the entire YRD region as shown in Figure 1a. More details about 235 

the quasi-global WRF-Chem simulation can be found in Zhao et al. (2013a) and Hu Z et al. 236 

(2016). To better resolve the PBL structure and mixing and examine the modeling sensitivity 237 

to vertical configuration within PBL, two experiments (CTL1 and CTL2, Table 1) are 238 

configured with 40 vertical layers but have different distributions (as shown Fig. 1b). One 239 

configuration (L1) has roughly 20 layers below 2 km above the ground, and the other has 240 

about 10 layers below 2 km (Fig. 1b). In both CTL1 and CTL2, MYNN2 PBL scheme 241 

(Nakanishi and Niino, 2006) is used. To demonstrate the modeling sensitivity to PBL 242 

parameterizations, the experiment CTL3 is conducted as the way similar to CTL2 but with 243 

the YSU PBL scheme (Hong et al., 2006). Since this study focuses on understanding the PBL 244 

mixing impact, the calculation of PBL mixing coefficient within the MYNN2 and YSU PBL 245 

schemes is briefly described here. In the local closure PBL scheme MYNN, the PBL mixing 246 

coefficient is calculated following Mellor et al. (1982): 247 

                                248 

where l is the mixing-length scale,  and  are stability functions, q is related to the 249 

turbulent kinetic energy (TKE) in the following formula: 250 

                           251 

In the non-local closure PBL scheme YSU, the momentum mixing coefficient Km is 252 

formulated following Hong et al. (2006):  253 

                           254 

where p is the profile shape exponent taken to be 2, k is the von-karman constant, z is the 255 

height from the surface and h is PBL height. For the eddy mixing coefficient for temperature 256 

and moisture Kh can be estimated from Km with the relationship of the Prandtl number as in 257 

Noh et al. (2003):  258 

                            259 

                    260 

Two additional sensitivity experiments (EXP1 and EXP2, Table 1) are also conducted 261 

corresponding to the experiments CTL1 and CTL2, respectively, except that the PBL mixing 262 

coefficient is modified (see details in Section 3.2.2).  263 

All these WRF-Chem experiments use the Morrison two-moment cloud microphysics 264 

(Morrison et al., 2009), Kain-Fritsch convective scheme (Kain et al., 2004), CLM land 265 

surface scheme, and RRTMG longwave and shortwave radiation schemes. The 266 
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meteorological initial and lateral boundary conditions are derived from the NCEP Final 267 

reanalysis data with 1°1° resolution and 6-hour temporal resolution. The modeled 268 

u component and v component wind and atmospheric temperature are nudged towards the 269 

reanalysis data only to the layers above the PBL with nudging coefficients of 310-4 s-1 with 270 

a nudging timescale of 6-hour (Stauffer and Seaman, 1990; Seaman et al., 1995).  271 

 272 

2.1.3 Emissions 273 

Anthropogenic emissions for the outer quasi-global simulation are obtained from the 274 

Hemispheric Transport of Air Pollution version-2 (HTAPv2) at 0.1°0.1° horizontal 275 

resolution and a monthly temporal resolution for year 2010 (Janssens-Maenhout et al., 2015), 276 

except that emissions over China within the domains are from the Multi-resolution Emission 277 

Inventory for China (MEIC) at 0.1°0.1° horizontal resolution for 2015 (Li M et al., 2017a,b), 278 

which is also used for the inner domain simulation over East China. Figure 1a shows the 279 

spatial distributions of emissions of primary PM2.5, NOx, and SO2 over East China. The 280 

default anthropogenic emission inventories assume no diurnal variation of emissions and that 281 

all emissions are near the surface (e.g., the first model layer). Since diurnal variation of 282 

emissions and injection height of power plant emissions may have impacts on diurnal 283 

variation of surface pollutants, the experiments discussed above apply the diurnal profiles of 284 

anthropogenic emissions from five individual sectors (i.e., agriculture, industry, transport, 285 

energy, and residential) following Olivier et al. (2003) and Wang et al. (2005) as shown in 286 

Fig. 1c and vertical distributions of anthropogenic power plant emissions following Wang et 287 

al. (2010) as shown in Table 2. Wang et al. (2010) derived the vertical profiles for East Asia 288 

based on the dataset of the U.S. and found that the profiles are comparable to those estimated 289 

in China and Japan (Woo et al., 2003; Wang et al., 2010). As shown in Fig. 1c, emissions 290 

from all sectors show peak values during the daytime, and the diurnal variations from 291 

agriculture, residential, and transportation are much stronger than those from industry and 292 

power plant. The emissions from power plant are distributed from the bottom to a height of 293 

~900 m with more than 90% below 500 m. Both diurnal and vertical variation profiles of 294 

anthropogenic emissions are prescribed without temporal variability. Two sensitivity 295 

experiments, EXP1_E1 and EXP1_E2, are conducted as the way similar to EXP1 except that 296 

EXP1_E1 assumes no diurnal variation of anthropogenic emissions and EXP1_E2 assumes 297 

all power plant emissions are placed near the surface (i.e., the first model layer). Comparing 298 

EXP1 with EXP1_E1 and EXP1_E2 can examine the impact of diurnal variation and 299 
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injection height of anthropogenic emissions on diurnal cycle of surface PM2.5, respectively. 300 

All these experiments are summarized in Table 1. Biomass burning emissions are obtained 301 

from the Fire Inventory from NCAR (FINN) with hourly temporal resolution and 1 km 302 

horizontal resolution (Wiedinmyer et al., 2011). The biomass burning emissions follow the 303 

diurnal variation provided by WRAP (2005) and the injection heights suggested by Dentener 304 

et al. (2006) from the Aerosol Comparison between Observations and Models (AeroCom) 305 

project. Sea-salt emission follows Zhao et al. (2013a), which includes correction of particles 306 

with radius less than 0.2 μm (Gong, 2003) and dependence of sea-salt emission on sea 307 

surface temperature (Jaeglé et al., 2011). The vertical dust fluxes are calculated with the 308 

GOCART dust emission scheme (Ginoux et al., 2001), and the emitted dust particles are 309 

distributed into the MOSAIC aerosol size bins following a theoretical expression based on 310 

the physics of scale-invariant fragmentation of brittle materials derived by Kok (2011). More 311 

details about the dust emission scheme coupled with MOSAIC aerosol scheme in 312 

WRF-Chem can be found in Zhao et al. (2010, 2013a).  313 

 314 

2.2 Observations 315 

The ground observations of hourly surface PM2.5 mass concentrations in January, April, 316 

July, and October of 2018 are obtained from the website of the Ministry of Environmental 317 

Protection of China (MEP of China). Since this study focuses on the YRD region of East 318 

China, 190 stations over East China are selected for analysis. The locations of these 190 319 

stations are shown in Fig. 1a within the black box (116.0°E~122.5°E,29.0°N~33.0°N). 320 

Besides regional average analysis, four cities (Fig. 1a) as the Center (Shanghai, 121.45°E and 321 

31.21°N) and sub-Center (Nanjing, 118.78°E and 32.06°N; Hefei, 117.25°E and 31.85°N; 322 

Hangzhou, 120.08°E and 30.21°N) of the YRD city cluster are also selected for further 323 

analysis at urban areas. 324 

  325 

3. Results 326 

3.1 Modeling diurnal cycle of surface PM2.5 concentration 327 

In order to investigate the diurnal cycle of surface PM2.5 concentrations, this study 328 

defines an index to better show the diurnal variation. The diurnal index (DI) is defined as the 329 

value of each hour divided by the minimum value within 24-hour on monthly average. The 330 

peak DI within 24-hour represents the amplitude of diurnal variation. Figure 2 shows the 331 

diurnal index of surface PM2.5 concentrations within 24-hour averaged over the YRD region 332 
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of East China (as shown as the black box in Fig. 1a) for January, April, July, October of 2018 333 

from the WRF-Chem experiments and observations. The experiment CTL1 uses the MYNN 334 

PBL scheme and finer boundary layer configuration (L1 in Fig. 1b). The simulation results 335 

and the observations are sampled 3-hourly at the observational sites as shown in Fig. 1a. On 336 

regional average, the observed variation of DI is the weakest in winter with the peak value 337 

around 1.2 among the four seasons. The observed DI reaches the maximum of 1.5 in autumn. 338 

In spring and autumn, the observed diurnal variation of DI are similar, showing the peak 339 

during the night, and reaching the minimum in the afternoon, which is consistent with 340 

previous findings with observations over East China (e.g., Zhang and Cao., 2015; Liu et 341 

al.,2016; Guo et al.,2017). In summer, different from other seasons, the observed diurnal 342 

variation of DI shows the single peak around 1.4 near the noon time. The CTL1 experiment 343 

can generally reproduce the peak during the night, however, the CTL1 simulation 344 

overestimates the observed peak DI in the two seasons, particularly in autumn. The 345 

experiment generally captures the seasonality of DI of surface PM2.5 concentrations that is 346 

higher DI in spring and autumn and the weakest DI in winter, except that in summer the 347 

experiment significantly overestimates the DI during the night and produces opposite diurnal 348 

pattern with the minimum DI near the noon time. The spatial distributions of DI over East 349 

China are also generally consistent between observations and simulations and show similar 350 

seasonality (Figure S1 in the supporting material). The area with higher surface PM2.5 351 

concentrations generally has higher DI (Figure S2 in the supporting material), particularly 352 

from the simulation. 353 

Therefore, the DI distributions at the four cities as the Center (Shanghai) and sub-Center 354 

(Nanjing, Hefei, Hangzhou) of the YRD city cluster in East China (as shown in Fig. 1a) are 355 

further analyzed. Figure 3 shows the diurnal index of surface PM2.5 concentrations within 356 

24-hour averaged over the four cities for January, April, July, October of 2018 from the 357 

WRF-Chem experiments and observations. The observed diurnal variation of DI in these four 358 

cities are consistent with that on regional average of East China. The diurnal variation of DI 359 

are more evident in the two inland cities (Hefei and Nanjing) than the two coastal cities 360 

(Hangzhou and Shanghai). Consistent with the results based on regional average, the CTL1 361 

experiment can generally capture the diurnal variation of DI of surface PM2.5 in the four cities, 362 

but overestimates the DI in the night, particularly in spring and autumn. In summer, again, 363 

the CTL1 significantly overestimates the DI during the night and produces the opposite 364 

diurnal pattern compared to observations. In general, the CTL1 produces even higher DI 365 

during the night in the four cities than regional average, which results in larger diurnal 366 
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amplitudes in the four cities than regional average. The CTL1 can generally simulate stronger 367 

diurnal variation in the two inland cities than in the two coastal cities.  368 

The analysis above for both regional average and city average indicates that the CTL1 369 

simulation has high positive biases of DI during the night. In order to understand the 370 

modeling biases and the mechanisms driving the simulated diurnal variations of surface 371 

PM2.5 concentrations over East China, the contribution to diurnal variation of surface PM2.5 372 

concentrations from individual process including transport, emission, dry and wet deposition, 373 

mixing, and chemical production/loss is estimated. The contribution is calculated as the 374 

difference of surface PM2.5 concentrations before and after individual process during the 375 

simulation. Figure 4 shows the contribution of individual process to the variation of surface 376 

PM2.5 concentrations every 3-hour in Hefei from the WRF-Chem experiments averaged for 377 

January, April, July, and October of 2018. The 3-hourly tendency (the difference between the 378 

current time and the time 3-hour earlier) of surface PM2.5 concentrations is also shown. The 379 

contributions and tendencies are divided by monthly mean surface PM2.5 concentrations for 380 

each month. The results for the other three cities (Nanjing, Hangzhou, Shanghai) are similar 381 

to that of Hefei and are shown in the supporting material (Figure S3a-c). Process contribution 382 

analysis is verified by comparing the variations of surface PM2.5 concentrations with the sum 383 

of the contributions from each individual process. As shown in Figure S4, the sum 384 

contributions of all processes are consistent with the variations in surface PM2.5 385 

concentrations following the principle of mass balance. 386 

In Fig. 4, positive value denotes relative increase of surface PM2.5 concentrations and 387 

negative value denotes relative decrease. From the CTL1 experiment, the contributions from 388 

emission and chemistry are positive through the day, while the contributions from transport, 389 

PBL mixing, wet and dry deposition are negative through the day. The CTL1 simulates the 390 

largest variation of tendency in summer and the smallest variation in winter. The tendencies 391 

are negative from the morning to the afternoon, resulting the simulated minimum surface 392 

PM2.5 concentrations in the afternoon in all seasons, which is consistent with the result shown 393 

in Fig. 3. It is evident that emission, PBL mixing, and transport are the three main processes 394 

controlling the diurnal variation of surface PM2.5 concentrations, and emission and PBL 395 

mixing are the dominant two. Emission increases the surface PM2.5 concentrations and 396 

reaches the maximum near the noon time, while PBL mixing reduces the surface PM2.5 397 

concentrations and also reaches the maximum reduction near the noon time. The combined 398 

effect of emission and PBL mixing is reflected as the overall tendency. Therefore, PBL 399 

mixing is the determinant process leading to the simulated minimum DI near the noon time 400 
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and higher DI during the night. To further demonstrate the contribution of each PM2.5 401 

composition to the diurnal variation of surface PM2.5 concentrations, Figure 5 shows the 402 

diurnal variation of surface concentration of each PM2.5 composition in Hefei from the 403 

WRF-Chem experiments averaged for January, April, July, and October of 2018. The diurnal 404 

variations of surface concentrations of OM, BC, and OIN are larger than other components of 405 

PM2.5, showing evident higher concentrations during the night and minimum near the noon 406 

time in all seasons except winter. The sum of OM and OIN contribute to more than half of 407 

surface PM2.5 concentrations. Therefore, it suggests that the PBL mixing of the primary PM2.5 408 

determines the simulated diurnal variation of surface PM2.5 concentrations. The results for the 409 

other three cities (Nanjing, Hangzhou, Shanghai) are similar to that of Hefei and are shown in 410 

the supporting material (Figure S5a-c). 411 

In order to understand the possible reasons for this modeling biases, some basic 412 

meteorological fields are evaluated with available observations. Since the modeled winds at 413 

the layers above the PBL are nudged towards the reanalysis data, the large-scale circulation 414 

can be well simulated. The winds at 850 hPa for each season are compared with the NCEP 415 

Final reanalysis dataset (FNL) and ERA5 reanalysis dataset 416 

(https://rda.ucar.edu/datasets/ds630.0/, last access: 28 December 2019) (Fig. S6 in the 417 

supporting material). The simulated wind circulation is highly correlated with the two 418 

reanalysis datasets with the spatial correlation coefficients of 0.9-0.97 over East China. The 419 

simulated temperature at 2m is also evaluated with the available observations by the China 420 

Meteorological Administration (CMA) at the stations of East China (Fig. S7 and Fig. S8 in 421 

the supporting material). The model captures the diurnal variation of near-surface 422 

temperature very well over East China. For near surface winds, although the model generally 423 

overestimates the observed values by less than 10%, the simulated diurnal variation is 424 

generally consistent with the observations over East China (Fig. S9 and Fig. S10 in the 425 

supporting material). As the evaluation shows, the basic meteorological fields are generally 426 

simulated reasonably. The characteristics associated with the PBL mixing are further 427 

investigated below.        428 

 429 

3.2 Sensitivity to PBL mixing  430 

3.2.1 Sensitivity to the PBL configuration  431 

As discussed above, the PBL mixing is very important for modeling diurnal variation of 432 

surface PM2.5 concentrations, and it may be affected by PBL parameterizations and vertical 433 

layer configurations within the PBL. Therefore, two experiments, CTL2 and CTL3, are 434 
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conducted to examine the sensitivity of simulated diurnal variation of surface PM2.5 435 

concentrations to different PBL configurations. The CTL2 uses the MYNN PBL scheme as 436 

the CTL1 but is configured with different vertical layer distribution (L2) as shown in Fig. 1b, 437 

in which less vertical layers are put within the PBL as described in Section 2.2. The CTL3 438 

uses the YSU PBL scheme and is configured with the L2 vertical layer distribution as the 439 

CTL2. As shown in Fig. 2, on regional average, the CTL2 and CTL3 generally simulate 440 

similar diurnal and seasonal patterns as that by the CTL1 with the minimum DI near the noon 441 

time and the peak DI during the night. The CTL2 simulates lower DI than the CTL1 during 442 

the night in all seasons. This indicates that the model with finer vertical resolution within the 443 

PBL, which is supposed to better resolve the PBL structure, produces higher positive biases 444 

of DI. The CTL3 simulates similar diurnal variation of DI as the CTL2 but overestimate the 445 

DI during the night to some extent, particularly in summer, which indicates the model with 446 

the YSU PBL scheme produces higher positive biases of DI during the night compared to the 447 

one with the MYNN PBL scheme. In the four cities as shown in Fig. 3, the CTL2 and CTL3 448 

also simulate similar diurnal and seasonal patterns as that by the CTL1. It is also interesting 449 

to note that the difference of DI between CTL2 and CTL1 is larger than that between CTL3 450 

and CTL2, which indicate that the modeling sensitivity of DI to the vertical layer 451 

configurations within the PBL is even greater than that to the PBL schemes. Overall, all these 452 

three WRF-Chem experiments produce similar positive biases of DI during the night 453 

compared to the observations in all seasons over the YRD region of East China, particularly 454 

in cities. This is consistent with previous findings about the simulated positive biases of 455 

diurnal variation of surface PM2.5 concentrations over East China (e.g., Liu M et al., 2018). 456 

Liu M et al. (2018) found that the air quality model (WRF-CMAQ v5.0.1) also overestimated 457 

the surface concentrations of PM2.5 during the nighttime in October-December, 2013. They 458 

speculated that the overestimation is due to the weak PBL mixing in the nighttime, and 459 

claimed that the newer version of CMAQ v5.1 driven by WRF v3.7 revised the PBL mixing 460 

scheme (ACM2) and might reduce the nighttime biases. To verify this, two experiments are 461 

conducted using the ACM2 PBL scheme with WRF-Chem v3.5 and WRF-Chem v4.0, 462 

respectively, over East China for October of 2018. The results showed that the PBL mixing 463 

of ACM2 scheme is enhanced in v4.0 compared to v3.5 especially during the night, and the 464 

simulated nighttime surface PM2.5 concentrations are reduced to some extent in v4.0 465 

compared to v3.5 (not shown). However, the simulation still significantly overestimates the 466 

surface PM2.5 concentrations during the night. Therefore, the changes of PBL schemes and 467 
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vertical configurations within the PBL can affect the simulated DI but cannot improve the 468 

simulations to reproduce the observations.  469 

In order to better understand the modeling sensitivity of DI to the PBL configuration, 470 

Fig. 4 and 5 also show the simulated results for the city of Hefei from the CTL2 and CTL3. 471 

Similar as CTL1, the results from CTL2 and CTL3 also show that emission, PBL mixing, and 472 

transport are the three main processes controlling the diurnal variation of surface PM2.5 473 

concentrations, and emission and PBL mixing are the dominant two (Fig. 4). Since the 474 

number of vertical layer within the PBL in CTL2 and CTL3 is much less than that in CTL1, 475 

the thickness of first model layer in CTL2 and CTL3 is about a factor 2 of that in CTL1. With 476 

the same emission flux, CTL2 and CTL3 simulate much smaller contributions from emission 477 

to the surface PM2.5 concentrations than does CTL1. Correspondingly, the contributions from 478 

PBL mixing to the surface PM2.5 concentrations in CTL2 and CTL3 are also lower than that 479 

in CTL1. The combined effect of emission and PBL mixing results in weaker diurnal 480 

variation of surface PM2.5 concentrations in CTL2 and CTL3 than that in CTL1, as shown by 481 

the diurnal variation of overall tendency of surface PM2.5 concentrations. CTL3 with the YSU 482 

PBL scheme simulates stronger diurnal variation of surface PM2.5 concentrations than does 483 

the CTL2 with the MYNN PBL scheme, primarily due to its larger diurnal variation of PBL 484 

mixing. With less contribution from emission to the surface PM2.5 concentrations, CTL2 and 485 

CTL3 simulate less primary PM2.5 (OIN, OM, BC) than does CTL1 (Fig. 5), particularly 486 

during the night when the PBL mixing is weak. This leads to the weaker diurnal variation of 487 

total surface PM2.5 concentrations in CTL2 and CTL3 as discussed above. The higher DI 488 

during the night in CTL3 than CTL2 can also be explained by the higher primary PM2.5 489 

during the night due to weaker PBL mixing.   490 

  491 

3.2.2 Sensitivity to the PBL mixing coefficient 492 

The results discussed above suggest that, the WRF-Chem simulated diurnal variation of 493 

surface PM2.5 concentrations over East China is largely controlled by the PBL mixing process, 494 

and is sensitive to the PBL scheme and vertical layer configuration within the PBL. However, 495 

the increase of number of vertical layers within the PBL and use of different PBL schemes 496 

cannot reduce the modeling biases in diurnal variation of surface PM2.5 concentrations. Many 497 

previous studies investigated the PBL mixing of pollutants through establishing the 498 

relationship between surface pollutant concentration and PBL height. However, it is 499 

noteworthy that in most atmospheric models, the mixing of pollutants within the PBL is 500 

treated either as full mixing within the PBL heights (i.e., uniformly distributed within the 501 
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PBL heights) or as calculated based on the mixing coefficient diagnosed from the PBL 502 

scheme. The former method represents the strongest PBL mixing and the surface 503 

concentrations can be largely influenced by the PBL heights. The latter one means that the 504 

pollutant mixing does not depend explicitly on PBL heights, although the PBL heights still 505 

reflects the boundary mixing strength. 506 

In WRF-Chem, the PBL mixing of pollutants is treated with the second approach. In 507 

order to further examine the simulated PBL mixing process in this study, Figure 6 shows the 508 

diurnal variation of PBL heights and PBL mixing coefficients below PBL heights in Hefei in 509 

January, April, July, and October of 2018 from the WRF-Chem experiments CTL1, CTL2, 510 

and CTL3. The black line represents the PBL heights while the contour shading represents 511 

the PBL mixing coefficients within the PBL heights. First of all, the PBL heights simulated 512 

from the three experiments all show evident diurnal variation with the maximum in the 513 

daytime and the minimum during the night. The simulated PBL heights from CTL1 and 514 

CTL2 with the same PBL scheme (MYNN) show very similar diurnal pattern, indicating the 515 

vertical layer configuration has small impact on modeling PBL heights. Both experiments 516 

simulate the largest diurnal variation of PBL heights in summer with a changing factor of ~10 517 

from ~2 km in the afternoon to ~200 m in the early morning, and the smallest diurnal 518 

variation of PBL heights in winter with a changing factor of 2 from ~700 m in the afternoon 519 

to ~350 m in the early morning. The CTL3 simulation with the YSU PBL scheme shows 520 

similar diurnal variation of PBL heights as those from the CTL1 and CTL2 simulations. The 521 

CTL3 simulates similar PBL heights during the daytime but lower values during the night, 522 

particularly in October. The simulated PBL heights are evaluated with the long-term 523 

averaged PBL heights, primarily for 8 am and 8 pm local time, derived from the air sounding 524 

observations available at the four stations of East China as reported in Guo et al. (2016) (Fig. 525 

S11 in the supporting material). In general, throughout the four seasons, the CTL3 with the 526 

YSU scheme simulates reasonable PBL heights in the early morning and night, while the 527 

CTL1 and CTL2 with the MYNN scheme overestimate the PBL heights compared to the 528 

derived values. The comparison between simulations and observations (Fig. 2 and 3) suggests 529 

the positive modeling biases of DI during the night may be partly due to the underestimation 530 

of the PBL mixing during the night, which cannot be explained by the positive modeling 531 

biases of PBL heights during the night. 532 

It should be noted that the PBL mixing coefficients within the PBL in all the three 533 

experiments also exhibit evident diurnal variation with a changing factor of ~1000 and ~50 in 534 

summer and winter, respectively, which is much larger than that of the PBL height in all 535 
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seasons. More WRF experiments with different PBL schemes are conducted and all show 536 

similar results that the diurnal variation of PBL mixing coefficients is much stronger than that 537 

of PBL heights (not shown). With relatively large values of PBL mixing coefficient during 538 

the daytime, the emitted pollutants can be mixed up roughly reaching the layer of PBL 539 

heights. Therefore, the PBL height is very critical for determining the surface pollutant 540 

mixing strength during the daytime. However, weak PBL mixing coefficient during the night 541 

results in that the emitted PM2.5 and its precursors will stay near the surface (i.e., within the 542 

first layer of model) during the night and cannot be mixed up reaching the PBL height (Fig. 543 

S12 in the supporting material). This leads to the large difference of DI between CTL1 and 544 

CTL2 with different thicknesses of first model layer during the night although they simulate 545 

similar PBL heights. Another example in autumn, the PBL heights during the night are lower 546 

in CTL3 than in CTL1, while the DI during the night are higher in CTL1 than in CTL3 (Fig. 547 

3) due to the weak PBL mixing coefficients during the night that cannot mix the pollutants up 548 

to the PBL height. This further demonstrates that the WRF-Chem simulated diurnal variation 549 

of surface PM2.5 concentration is not explicitly controlled by the PBL height instead by the 550 

PBL mixing coefficient. In fact, in WRF-Chem, there is an existing empirical 551 

parameterization to enhance the PBL mixing of pollutants in urban area based on the strength 552 

of anthropogenic emissions. However, it is only applied to gas pollutants if the MOSAIC 553 

aerosol scheme is selected as this study. It also tends to enhance the mixing up to half number 554 

of model vertical layers, which is beyond the PBL in most cases during the night. In this 555 

study, in order to examine the sensitivity of simulated DI to the PBL mixing coefficient, the 556 

sensitivity experiments, EXP1 and EXP2, are conducted corresponding to CTL1 and CTL2, 557 

respectively, through setting the lower limit of PBL mixing coefficient from 0.1 m2/s (default 558 

in the publically released version of WRF-Chem) to 5 m2/s within the PBL, which is applied 559 

to both gas and aerosol pollutants.  560 

Figure 7 shows the simulated PBL height and mixing coefficients from the two 561 

sensitivity experiments, EXP1 and EXP2, in January, April, July, and October of 2018 in 562 

Hefei. It shows that the PBL mixing coefficient increases during the night within the PBL 563 

compared to the results shown in Fig. 6, while the values during the daytime remain almost 564 

the same. The difference of simulated surface PM2.5 between CTL1 and EXP1 is relatively 565 

small during the daytime, but significant during the night, which is due to that EXP1 can mix 566 

up the surface PM2.5 to the PBL heights during the night (Fig. S12). It is noteworthy that the 567 

lower limit parameter of 5 m2/s is entirely empirical. It is selected to represent the moderate 568 

mixing strength between the full PBL mixing and no PBL mixing. A few other values such as 569 
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1 m2/s and 10 m2/s are also tested. The results do not change the conclusion found in this 570 

study and therefore are not shown.   571 

The change of PBL mixing coefficient during the night can significantly affect the 572 

diurnal variation of PBL mixing. Figure 8 shows the contribution of individual process to the 573 

variation of surface PM2.5 concentrations every 3-hour in Hefei simulated by EXP1 and 574 

EXP2 averaged for January, April, July, and October of 2018. The 3-hourly tendency of 575 

surface PM2.5 concentrations is also shown. Same as Fig. 4, the contributions and tendencies 576 

are divided by monthly mean surface PM2.5 concentrations for each month. The results for the 577 

other three cities (Nanjing, Hangzhou, Shanghai) are similar to that of Hefei and are shown in 578 

the supporting material (Figure S13a-c). Compared to the results from CTL1 and CTL2 579 

shown in Fig. 4, it is evident that the diurnal variation of tendency of surface PM2.5 580 

concentrations is significantly reduced in all seasons. This is mainly resulted from the 581 

significantly increased diurnal variation of PBL mixing contribution. Specifically, the PBL 582 

mixing contribution during the night is increased. Figure 9 shows the diurnal variation of 583 

surface concentration of each PM2.5 composition in Hefei simulated by the EXP1 and EXP2 584 

averaged for January, April, July, and October of 2018. The diurnal variations of surface 585 

concentrations of OM, BC, and OIN are significantly reduced primarily due to their reduced 586 

concentrations during the night in EXP1 and EXP2, compared to CTL1 and CTL2 (Fig. 5). 587 

The results for the other three cities (Nanjing, Hangzhou, Shanghai) are similar to that of 588 

Hefei and are shown in the supporting material (Figure S14a-c). 589 

The change of PBL mixing and diurnal variation of primary PM2.5 near the surface turn 590 

out different DI. Figure 10 shows the diurnal variation of DI of surface PM2.5 averaged over 591 

the YRD region of East China for January, April, July, and October of 2018 from the 592 

observations and the experiments CTL1, CTL2, EXP1, and EXP2. In general, the simulated 593 

DI are reduced significantly during the night in EXP1 and EXP2 much more consistent with 594 

the observations compared to the ones in CTL1 and CTL2. In spring, the EXP1 and EXP2 595 

slightly underestimate DI during night. Figure 11 shows the diurnal variation of DI averaged 596 

over the four cities for January, April, July, October of 2018 from the observations and the 597 

experiments CTL1, CTL2, EXP1, and EXP2. As discussed above the diurnal variation of DI 598 

is much stronger in cities with relatively more emissions. The simulated DI is also more 599 

sensitive to the change of PBL mixing coefficient in these four cities compared to that on 600 

regional average. The EXP1 and EXP2 produce much more consistent DI with the 601 

observations in the four cities than do CTL1 and CTL2 in all seasons. It is also noteworthy 602 

that the difference between EXP1 and EXP2 and that between CTL1 and CTL2 is reduced 603 
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both on city average and regional average, which indicates that the enhanced PBL exchange 604 

coefficient during the night help reduce the modeling sensitivity to the vertical layer 605 

configurations. The analysis above suggests that the simulated PBL mixing during the night 606 

in the publically-released WRF-Chem may be too weak.  607 

Comparing the simulated surface concentrations of PM2.5 components between CTL1 608 

(Fig. 5) and EXP1 (Fig. 9), it can be found that the daily average surface PM2.5 mass 609 

concentrations should also be reduced when the diurnal variation is reduced due to the 610 

reduction of nighttime surface PM2.5 concentrations. The model overestimates largely the 611 

monthly mean surface PM2.5 at the stations of East China in the seasons other than winter 612 

from the control experiments. These modeling biases are significantly reduced at most 613 

stations of East China (Fig. S15 in the supporting material) in the sensitivity experiments. 614 

Figure 12 shows the comparison of monthly mean surface PM2.5 concentrations between the 615 

observations and the simulations from CTL1 and EXP1 at each observation site over the 616 

YRD region of East China for January, April, July, and October of 2018. In all seasons, the 617 

CTL1 significantly overestimates the observed surface PM2.5 concentrations with the 618 

normalized mean biases (NMB) of 22% (winter) - 109% (summer) on regional average. The 619 

EXP1 reduces the NMB to 7% (winter) - 38% (summer) on regional average. In CTL1, the 620 

NMB of simulation exceeds 50% at 20%, 35%, 65%, and 60% of observational sites over the 621 

YRD region of East China in January, April, July, and October, respectively, which reduces 622 

to 0%, 10%, 35%, and 20% of all sites in EXP1. In addition, the EXP1 also increases the 623 

spatial correlation between observations and simulated results in all seasons (Fig. 12), 624 

although with the improvement of modeling diurnal variation the EXP1 still cannot fully 625 

capture the observed spatial variability of surface PM2.5 concentrations among the 626 

observational sites. This may be related to the biases in spatial distributions of emission and 627 

model processes contributed to the spatial variability of surface PM2.5 concentrations, which 628 

deserves further investigation in future.   629 

 630 

3.3 Impacts from emission distributions 631 

3.3.1 Impacts from emission diurnal variability 632 

Besides the meteorology such as PBL mixing as discussed above, the diurnal variation of 633 

emissions may also play an important role in determining the DI of surface PM2.5 634 

concentrations. One sensitivity experiment, EXP1_E1, without diurnal variation of 635 

anthropogenic emissions (Fig. 1c) is conducted. Figure 13 shows the spatial distribution of the 636 

difference in maximum DI between EXP1 and EXP1_E1 over East China. As removing 637 
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diurnal variation of emissions will lead to more emissions during the night and thus increase 638 

the DI during the night over polluted area, which generally results in larger maximum DI. 639 

Therefore, EXP1 has lower maximum DI than EXP1_E1 over most regions of East China in 640 

seasons other than winter. EXP1 could have slightly larger maximum DI in winter when the 641 

diurnal variation of DI is relatively small (Fig. 2 and 3) and over the relatively clean region 642 

(Fig. 1a) in summer. Figure 14 shows the diurnal index of surface PM2.5 concentrations within 643 

24-hour averaged over the four cities for January, April, July, and October of 2018 from 644 

observations and the EXP1 and EXP1_E1 experiments. In general, EXP1 shows lower DI 645 

than EXP1_E1 during the night, and therefore has smaller diurnal variation of DI in four cities. 646 

The largest difference between EXP1 and EXP1_E1 in four cities exists in summer and the 647 

smallest is in winter. Comparing to the impacts from PBL mixing as shown in Fig. 11, the 648 

reduction of diurnal variation of DI by adding diurnal variation of anthropogenic emissions is 649 

much smaller.  650 

Fig. 13 shows that EXP1 with diurnal variation of emissions could simulate slightly 651 

larger diurnal variation of DI over the relatively clean region than EXP1_E1 in winter and 652 

summer. The higher DI in EXP1 than EXP1_E1 is primarily in the afternoon and evening 653 

(Fig. S16 in the supporting material). One grid over south Anhui is selected for analysis of 654 

contributions from different processes in the model to the diurnal variation of surface PM2.5 655 

concentrations from the experiments EXP1 and EXP1_E1 (Fig. 15). Different from the 656 

process contributions over the relatively polluted region (Fig. 8), the contribution from direct 657 

local emission to the surface PM2.5 concentrations is relatively small over the clean region. 658 

Instead, the contributions from chemistry, dry deposition, PBL mixing, and transport 659 

dominate the diurnal variation of surface PM2.5 concentrations. The PBL mixing could 660 

increase the surface PM2.5 concentrations during the daytime because of mixing down the 661 

pollutants transported from polluted regions above the surface. The diurnal change of surface 662 

PM2.5 concentrations between EXP1 and EXP1_E1 is very similar with slightly difference 663 

that results in their slight difference in DI in the afternoon and night.   664 

 665 

3.3.2 Impacts from emission injection height 666 

Previous studies suggested that the injection height of emissions from power plants may 667 

also affect the diurnal cycle of surface pollutant concentrations, particularly for SO2 (e.g., 668 

Wang et al.,2010; Lin et al.,2012; Qi et al.,2012; Xu et al.,2014). Therefore, one sensitivity 669 

experiment, EXP1_E2, is conducted with setting the anthropogenic emissions placed only in 670 

the first layer of model. Figure 16 shows the spatial distribution of the difference in 671 
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maximum DI between EXP1 and EXP1_E2 over East China. Over most areas of East China, 672 

EXP1 simulates lower maximum DI than EXP1_E2, and the difference is primarily in spring 673 

and summer. The impact of injection height is negligible in winter. The distribution of 674 

impacts correlates highly with the distribution of power plant locations. The reduction of DI 675 

of surface SO2 concentrations in EXP1 compared to EXP1_E2 is mainly due to more 676 

emissions are placed above the PBL during the night (Fig. S17 in the supporting material). As 677 

shown in Table 2, most of power plant emissions are placed below 500 m in EXP1. The 678 

larger impact in summer than in winter is mainly due to the higher PBL heights during the 679 

night in winter (Fig. 7). Therefore, emissions are still placed within the PBL even with the 680 

injection height, which results in the small difference of DI of surface SO2 concentrations 681 

between EXP1 and EXP1_E2. For surface PM2.5 concentrations, the impact of emission 682 

injection height is even smaller and only distinguishable in summer (Fig. S18 in the 683 

supporting material). Overall, impact from the injection height of emission on the diurnal 684 

variation of surface PM2.5 concentrations is much smaller than that from PBL mixing. 685 

 686 

4. Summary  687 

In this study, the observed characteristics of diurnal variation of surface PM2.5 688 

concentrations over the YRD region of East China in four seasons of 2018 is examined based 689 

on the hourly surface observations at 190 stations of the region. On regional average, the 690 

observed diurnal variation is the weakest in winter and the strongest in autumn. In spring and 691 

autumn, the observed patterns of diurnal variation are similar, showing the minimum surface 692 

PM2.5 concentration in the afternoon, consistent with previous studies (e.g., Zhang and Cao et 693 

al.,2015; Liu et al.,2016; Guo et al.,2017). In summer, different from other seasons, the 694 

observed diurnal variation shows the maximum surface PM2.5 concentration near the noon 695 

time.  696 

The WRF-Chem experiments generally capture the observed seasonality of diurnal 697 

variation of surface PM2.5 concentrations, except that in summer the model significantly 698 

overestimates the diurnal peak during the night and produces opposite diurnal pattern with 699 

the minimum concentration near the noon time. The model can generally reproduce the 700 

patterns with the minimum noontime concentration in spring and autumn, but overestimates 701 

the observed nighttime peaks, particularly in autumn. Emission and PBL mixing are found to 702 

be the two dominant processes controlling the diurnal variation of surface PM2.5 703 

concentrations over the polluted areas, and the PBL mixing leads to the simulated diurnal 704 
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pattern of surface PM2.5 concentrations. More specifically, the simulations suggest that the 705 

PBL mixing of the primary PM2.5 determines the modelled diurnal variation of surface PM2.5 706 

concentrations. Although the observation of PM2.5 components is not available to evaluate the 707 

diurnal variation of primary PM2.5, the simulated diurnal variation of surface mixing ratio of 708 

CO that is normally used to represent the primary pollutant is compared with the observations 709 

(Fig. S19 in the supporting material). The results from experiments with enhanced nighttime 710 

PBL mixing are more consistent with the observations compared to the control experiments, 711 

which supports the findings about PM2.5.   712 

The modeling results are found sensitive to the PBL schemes and the vertical 713 

configuration (i.e., the number of model layers within PBL) of simulations. However, none 714 

of the PBL schemes in WRF-Chem can reduce the modeling biases in diurnal variation of 715 

surface PM2.5 concentrations. Contrary to the intuition, more model layers within PBL 716 

worsen the model performance, which is mainly due to that more layers within PBL makes 717 

the first model layer thinner and enlarges the contribution from emission if PBL mixing is 718 

not efficient. The analysis indicates that although PBL height is an important factor to 719 

reflect the PBL mixing strength, the PBL mixing process is more explicitly controlled by 720 

the PBL mixing coefficient instead of the height in WRF-Chem, particularly during the 721 

night. Increasing the lower limit of PBL mixing coefficient within the PBL can 722 

significantly reduce the modeling biases in diurnal variation of surface PM2.5 723 

concentrations, primarily during the night. In addition, it can also reduce the modeling 724 

sensitivity to the model vertical configuration. The model performance of daily mean 725 

surface PM2.5 concentrations is also largely improved when the biases of diurnal variation 726 

are reduced. The diurnal variation of anthropogenic emissions and injection height of 727 

power plant emissions can affect the diurnal cycle of surface PM2.5 concentrations to some 728 

extent, but the impact is much smaller than that of PBL mixing.     729 

 730 

5. Discussion 731 

This study highlights the importance of modeling PBL mixing coefficient within 732 

PBL in models like WRF-Chem that simulates the PBL mixing process based on the 733 

mixing coefficient instead of PBL height. Some studies found that other models also 734 

overestimated the diurnal variation of observed surface PM2.5 concentrations over East 735 

China (e.g., Cai et al.,2011; Liu M et al.,2018). Our finding suggests that those models 736 

may also have the problems in modeling PBL mixing during the night. Many of previous 737 
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modeling and observation studies focus on investigating the variation of PBL height and its 738 

interaction with aerosol concentration (e.g., Sawyer et al., 2015; Ding et al, 2013; Li Z et al, 739 

2017; Song et al.,2018; Su et al., 2018). However, this study reveals that the PBL mixing 740 

flux is also critical in addition to the PBL height in terms of understanding the mixing of 741 

pollutants within PBL, particularly during the night, which can significantly affect not only 742 

the diurnal variation but also the daily mean of surface pollutant concentrations. The 743 

increase of PBL mixing during the night reduces the modeling biases, which may suggest 744 

that the simulated PBL mixing during the night in WRF-Chem is too weak. One possible 745 

reason may be due to urban heat island effect that is not accounted in this study, because 746 

the observation sites are mostly at urban or sub-urban areas. The test simulations with the 747 

current version of WRF-Chem using Noah land surface model with urban effect can 748 

increase the nighttime PBL mixing coefficient from 0.1 m2/s to 1-10 m2/s during some 749 

cases at urban areas, but the results are sensitive to the urban schemes (not shown), which 750 

deserves investigation in future. The model horizontal resolution may also affect the 751 

modeling results of PBL mixing and urbanization. However, one sensitivity experiment at 752 

4 km horizontal resolution shows that the PBL mixing at the stations does not change 753 

significantly (not shown). The modeling at higher resolution particularly down to 754 

large-eddy scale deserves further investigation. Another suggestion is that the PBL mixing 755 

of pollutants may not be able to follow directly the mixing coefficient diagnosed by PBL 756 

parameterization for meteorology, which deserves further investigation. The improvement 757 

of modeling PBL heights is not enough for understanding the PBL mixing of pollutants. In 758 

order to better understand PBL structure and detailed mixing process, besides the 759 

observation or retrieval of PBL height, observations of PBL characteristics are needed.  760 

Although the sensitivity adjustment of PBL mixing coefficient during the night can 761 

largely reduce the modeling biases in diurnal variation of surface PM2.5 concentrations, one 762 

evident deficiency is that the model produces opposite diurnal pattern compared with 763 

observations in summer. It needs to be noted that the WRF-Chem simulations conducted in 764 

this study do not consider the SOA production that still has large uncertainties in 765 

mechanisms. One sensitivity experiment with the SOA production shows that the model 766 

can better represent the observed diurnal pattern of surface PM2.5 concentrations in summer 767 

showing the maximum concentration in the daytime (Fig. S20 in the supporting material). 768 

This indicates that the SOA production may be important for modeling the diurnal 769 

variation of surface PM2.5 concentrations in summer over East China, which suggests more 770 

detailed analysis of impact of SOA production on diurnal cycle of surface PM2.5 771 
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concentrations is needed with observations. It is also noteworthy that the impact of SOA 772 

production on diurnal variation of surface PM2.5 concentrations is only significant in 773 

summer, likely due to the strong photochemistry activity in summer. Another uncertainty 774 

of the results in this study may be related to emissions. Although the diurnal variation and 775 

injection height of emission do not contribute significantly to the night time positive biases 776 

of surface PM2.5 concentrations, the emission uncertainties of primary PM may influence 777 

the diurnal cycle of surface PM2.5. For example, overestimation of primary PM emission 778 

can increase the diurnal variation. Therefore, this study suggests that the long-term 779 

measurements of PM2.5 components at more stations and the in-situ measurements of 780 

vertical profiles of PM2.5 concentrations within PBL during the night are needed to further 781 

investigate the characteristics of diurnal variation of PM2.5, which can improve our 782 

understanding of the impacts of multiple processes, such as chemical production, 783 

emissions, and meteorology, on the formation and evolution of air pollution.  784 
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Table 1 Numerical experiments conducted in this study. 1325 

Name 
PBL 

scheme 
Vertical 

structure 
PBL mixing 

coefficient (m2/s) 
Emission 

diurnal cycle 
Emission 

injection height 

CTL1 MYNN layer1 Minimum=0.1 Yes Yes 

CTL2 MYNN layer2 Minimum=0.1 Yes Yes 

CTL3 YSU layer2 Minimum=0.1 Yes Yes 

EXP1 MYNN layer1 Minimum = 5.0 Yes Yes 

EXP2 MYNN layer2 Minimum = 5.0 Yes Yes 

EXP1_E1 MYNN layer1 Minimum = 5.0 No Yes 

EXP1_E2 MYNN layer1 Minimum = 5.0 Yes No 

 1326 

 1327 

Table 2 Vertical distributions of power plant emissions: percentage of each species 1328 

allocated to the height of the vertical layers in the WRF-Chem model. 1329 

Species Height of Emission Layers (m) 

0-76      76-153      153-308     308-547      547-871 

SO2 5% 30% 35% 25% 5% 

NOx 5% 40% 25% 25% 5% 

CO 5% 70% 20% 5% 0% 

NH3 5% 75% 15% 5% 0% 

NMVOC 5% 85% 10% 0% 0% 

PM2.5 5% 45% 25% 20% 5% 

PM10 5% 55% 20% 15% 5% 

OC 5% 70% 15% 10% 0% 

BC 5% 65% 20% 10% 0% 

 1330 

 1331 

 1332 
 1333 
 1334 
 1335 
 1336 

 1337 
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1339 
Figure 1a. Emissions of SO2, NO2, PM2.5 from the MEIC China inventory over the simulation 1340 

domain (109.0°E~124.9°E, 24.0°N~38.9°N) with black boxes showing the analyzed 1341 

domain (116.0°E~122.5°E, 29.0°N~33.0°N), overlaid with observational sites and four 1342 

cities as the Center (Shanghai, 121.45°E and 31.21°N) and sub-Center (Nanjing, 118.78°E 1343 

and 32.06°N; Hefei, 117.25°E and 31.85°N; Hangzhou, 120.08°E and 30.21°N) of the YRD 1344 

city cluster. 1345 
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 1347 

               1348 

 1349 
Figure 1b. Vertical profiles of the layer thickness from L1 and L2 layer configuration. 1350 
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              1353 

 1354 
Figure 1c. Diurnal profiles of emissions from five individual sectors (agriculture, industry, 1355 

transport, energy, and residential).  1356 
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 1376 
Figure 2. Diurnal index of surface PM2.5 concentrations within 24-hour averaged over the 1377 

YRD region of East China (within the black box of Fig. 1a) for January, April, July, and 1378 

October of 2018 from the experiments CTL1, CTL2, CTL3, and observations. Both the 1379 

simulated results and observations are sampled at the model output frequency, i.e., 3-hourly. 1380 
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 1386 
Figure 3. Diurnal index of surface PM2.5 concentrations within 24-hour averaged over four 1387 

cities (Hefei, Nanjing, Hangzhou, Shanghai) for January, April, July, and October of 2018 1388 

from the experiments CTL1, CTL2, CTL3, and observations. 1389 
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 1392 
 1393 
Figure 4. Relative contribution (normalized by monthly mean surface PM2.5 concentrations 1394 

for each month) to surface PM2.5 concentrations every 3-hour from individual process 1395 

(transport, emission, dry and wet deposition, PBL mixing, chemical production/loss) averaged 1396 

over Hefei for January, April, July, and October of 2018 from the experiments CTL1, CTL2, 1397 

and CTL3. The 3-hourly relative tendency of surface PM2.5 concentrations is also shown as 1398 

the black line. 1399 
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 1407 
Figure 5. Diurnal variation of surface concentrations of each PM2.5 composition (Dust, OM, 1408 

EC, Sea Salt, NH4
2-, SO4

2-, NO3
-, and other inorganics) averaged over Hefei for January, April, 1409 

July, and October of 2018 from the experiments CTL1, CTL2, and CTL3. 1410 
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 1419 
Figure 6. Diurnal variation of PBLH and PBL mixing coefficient below PBLH averaged over 1420 

Hefei for January, April, July, and October of 2018 from the experiments CTL1, CTL2, and 1421 

CTL3. 1422 
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 1435 
   1436 
Figure 7. Diurnal variation of PBLH and PBL mixing coefficient below PBLH averaged over 1437 

Hefei for January, April, July, and October of 2018 from the experiments EXP1 and EXP2. 1438 
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 1457 
Figure 8. Relative contribution (normalized by monthly mean surface PM2.5 concentrations 1458 

for each month) to surface PM2.5 concentrations every 3-hour from individual process 1459 

(transport, emission, dry and wet deposition, PBL mixing, chemical production/loss) averaged 1460 

over Hefei for January, April, July, and October of 2018 from the experiments EXP1 and 1461 

EXP2. The 3-hourly relative tendency of surface PM2.5 concentrations is also shown as the 1462 

black line. 1463 
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 1477 
Figure 9. Diurnal cycle of surface PM2.5 composition concentrations (Dust, OM, EC, Sea Salt, 1478 

NH4
2-, SO4

2-, NO3
-, and other inorganics) averaged over Hefei for January, April, July, and 1479 

October of 2018 from the experiments EXP1 and EXP2. 1480 
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 1496 
Figure 10. Diurnal index of surface PM2.5 concentrations within 24-hour averaged over the 1497 

YRD region of East China (within black box of Fig. 1a) for January, April, July, and October 1498 

of 2018 from the experiments CTL1, CTL2, EXP1, EXP2, and observations. Both the 1499 

simulated results and observations are sampled at the model output frequency, i.e., 3-hourly. 1500 
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 1507 
Figure 11. Diurnal index of surface PM2.5 concentrations within 24-hour averaged over four 1508 

cities (Hefei, Nanjing, Hangzhou, Shanghai) for January, April, July, and October of 2018 1509 

from the experiments CTL1, CTL2, EXP1, EXP2, and observations. 1510 
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    1515 

 1516 
Figure 12. Comparison of monthly mean surface PM2.5 concentrations between the 1517 

observations and the simulations from the experiments CTL1 and EXP1 at each observation 1518 

site over the YRD region of East China (as shown in Fig. 1a within the black box) for January, 1519 

April, July, and October of 2018. The dashed lines represent -50%, 0, 50% of the NMB of 1520 

simulation. 1521 
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 1528 

 1529 
Figure 13. Spatial distribution of the difference in daily maximum diurnal index of surface 1530 

PM2.5 concentrations between the experiments EXP1 and EXP1_E1 over East China in 1531 

January, April, July, and October of 2018. 1532 
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     1536 

 1537 
Figure 14. Diurnal index of surface PM2.5 concentrations within 24-hour averaged over four 1538 

cities (Hefei, Nanjing, Hangzhou, Shanghai) for January, April, July, and October of 2018 1539 

from the experiments EXP1_E1, EXP1, and observations. 1540 
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 1544 
Figure 15.  Relative contribution (normalized by monthly mean surface PM2.5 concentrations 1545 

for each month) to surface PM2.5 concentrations every 3-hour from individual process 1546 

(transport, emission, dry and wet deposition, PBL mixing, chemical production/loss) averaged 1547 

over south Anhui for January, April, July, and October of 2018 from the experiments 1548 

EXP1_E1 and EXP1. The 3-hourly relative tendency of surface PM2.5 concentrations is also 1549 

shown as the black line. 1550 
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             1560 

 1561 
Figure 16. Spatial distribution of the difference in daily maximum diurnal index of surface 1562 

SO2 concentrations between the experiments EXP1_E2 and EXP1 over East China in January, 1563 

April, July, and October of 2018. 1564 
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