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Highlights 

 

(1) A haze episode with a very strong variability in Beijing was analyzed.   

 
(2) WRF-Chem and a box model are used for the budget analysis of haze 

formation. 

 

(3) Under calm winds, a heavy haze can be formed in one (1) day. 

 

(4) The wind speed to balance emission-clean processes was calculated.     
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Abstract 36 

During recent winters, hazes often occurred in Beijing, causing major environmental 37 

problems. To understand the causes of this “Beijing Haze”, a haze episode (from Oct. 38 

21 to Oct. 31, 2013) in Beijing was analyzed. During the episode, the daily mean con-39 

centration of fine particulate matter (PM2.5) reached a peak value of 270 µg/m3 on 40 

Oct. 28, 2013, and rapidly decreased to 50 µg/m3 the next day (Oct. 29, 2013). This 41 

strong variability provided a good opportunity to study the causes of a “Beijing 42 

Haze”. Two numerical models were applied for this study. The first model is a chemi-43 

cal/dynamical regional model (WRF-Chem). This model is mainly used to study the 44 

effects that weather conditions have on PM2.5 concentrations in the Beijing region. 45 

The results show that the presence of high air pressure in northwest Beijing (NW-46 

High) generally produced strong northwest winds with clean upwind air. As a result, 47 

the NW-High played an important role in cleaning Beijing’s PM. However, the NW-48 

High’s cleaning effect did not occur in every situation. When there was low air pres-49 

sure in southeast Beijing (SE-Low) accompanied by a NW-High, an air convergent 50 

zone appeared in Beijing. The pollutants became sandwiched, producing high PM2.5 51 

concentrations in the Beijing region. The second model used in this study is a box 52 

model, which is applied to estimate some crucial parameters associated with the 53 

budget of PM2.5 in the Beijing region. Under calm winds, the calculations show that 54 

continuous local emissions rapidly accumulate pollutants. The PM2.5 concentrations 55 

reached 150 µg/m3 and 250 µg/m3 within one (1) day and two (2) days, respectively. 56 

Without horizontal dilution, this estimate can be considered as an upper time limit 57 

(the fastest time) for the occurrences of haze events in the Beijing region. The wind 58 

speed (WSb) is calculated for the balance between the continuous emissions and at-59 

mospheric clean processes. The results show that the WSb is strongly dependent on 60 

the planetary boundary layer (PBL) height and the wind direction. Under SE-Low 61 

weather conditions, the WSb is 2 m/s with a higher PBL height (700 m). However, un-62 

der lower PBL heights, the WSb rapidly increases, reaching 4.5 m/s and 7.0 m/s with 63 

PBL heights of 300 m and 200 m, respectively. In contrast, under NW-High weather 64 

conditions, the WSb reduces to 2.5 m/s and 4.0 m/s. These results suggest that when 65 

the prevailing wind in Beijing is a northwest wind (with wind speeds of > 4 m/s), par-66 

ticulate matter (PM) begins to decrease.     67 

Keywords: PM2.5, Beijing, WRF-Chem, weather conditions 68 

 69 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 3 

(1) Introduction 70 

 71 

Beijing, the capital of China, is a mega city with a population of more than 20 million. 72 

In recent years, the city has experienced rapid economical development and growth. 73 

For example, in 2011, the number of automobiles was 5 million, and by 2016, this 74 

number is expected to be 6 million. In 2013, the increase of gross domestic product 75 

(GDP) was 7.7%. One negative byproduct of this rapid economical development, es-76 

pecially in the past two decades, is that Beijing has been forced to endure heavy air 77 

pollution, with particulate matter (PM) being one of its top pollutants (Chan and Yao, 78 

2008). The high concentration of PM causes a wide range of environmental conse-79 

quences. According to a study by Tie et al. (2009), exposure to extremely high particle 80 

concentrations leads to a great increase of lung cancer cases. High PM concentrations 81 

also significantly reduce the range of visibility (Deng et al., 2008; Cao et al., 2012) 82 

and enhance atmospheric acidity (Cao et al., 2013) in China’s large cities. However, 83 

high PM concentrations also have a bright side – they reduce the photochemical pro-84 

duction of ozone, which is another harmful pollutant affecting human health (Tie et 85 

al., 2005; Bian et al., 2007; Tie and Cao, 2009).   86 

 87 
In the last decade, extensive efforts have been made to characterize the sources, prop-88 

erties, and processes of PM in Beijing. Recent studies indicate that a large mass frac-89 

tion of ambient PM in Beijing is fine particles, of which carbonaceous particles, sul-90 

fate, nitrate, and ammonium are major components (Guinot et al., 2007; He et al., 91 

2001; Yang et al., 2011). The different sources that contributed to Beijing’s PM con-92 

centrations have also been studied (Zhang et al., 2013). Despite progress made by 93 

previous studies, there are still some important questions to be answered and ad-94 

dressed. In recent years, high concentrations of particle concentrations are occurring 95 

frequently in Beijing and its surrounding regions (Zhang et al., 2006; 2009), and a 96 

very large variability of PM concentrations is often characterized (He et al., 2014). It 97 

is interesting to note that PM concentrations increase exponentially in the span of a 98 

few days, with non-linear growth. According to a study by Quan et al. (2013), this 99 

rapid increase in PM concentrations might involve an interaction between particles 100 

and the planetary boundary layer (PBL); however, more studies are still needed in this 101 

area.    102 

 103 
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In order to analyze the causes and variability of PM in Beijing, a high aerosol pollu-104 

tion episode, characterized by a large variability of PM concentration is studied. The 105 

episode occurred between Oct. 21 and Oct. 31, 2013. During the episode, the daily 106 

mean concentration of PM2.5 reached a peak value of 250 µg/m3 on Oct. 28, 2013, and 107 

rapidly decreased to 50 µg/m3 the next day (Oct. 29, 2013). This strong variability 108 

provided a good opportunity to study the causes of a “Beijing Haze”. Two numerical 109 

models are applied in this study. The first model is a chemical/dynamical regional 110 

model (WRF-Chem). The WRF-Chem model is a state of the art regional dynam-111 

ical/chemical/aerosol model. This model is mainly applied to study the effects of 112 

weather conditions on the regional transport and distribution of PM. The second mod-113 

el is a box model, and this model is mainly used for the budget analysis of the mass of 114 

PM in Beijing, such as quantifying the effect of surface emission accumulation on the 115 

growth of PM and the advection of PM with different meteorological parameters 116 

(wind direction, wind speed, and the PBL height) in the Beijing region.   117 

 118 

(2) Methods 119 

 120 

Numerical models are extensively used in this study. The first model is a state of the 121 

art regional dynamical/chemical/particle model (WRF-Chem), and the second model 122 

is a box model. Detailed descriptions of the models are as follows: 123 

 124 

2.1 WRF-Chem Model 125 

 126 

The main objectives of this study are to apply a regional chemical/dynamical model, 127 

to analyze measurements, to evaluate the model by comparing the model result to the 128 

measured data, and to study PM2.5 variability in the Beijing region. The model used in 129 

this study is a regional chemical/transport model (Weather Research and Forecasting 130 

Chemical model – WRF-Chem). There are two major parts of the model, namely, a 131 

dynamical model (WRF) and a chemical model (Chem). The Weather Research and 132 

Forecasting (WRF) Model is a next-generation mesoscale numerical weather predic-133 

tion system designed to serve both operational forecasting and atmospheric research 134 

needs. The effort to develop WRF has been a collaborative partnership, principally 135 
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among the National Center for Atmospheric Research (NCAR), the National Centers 136 

for Environmental Prediction (NCEP), the Forecast Systems Laboratory (FSL), the 137 

National Oceanic and Atmospheric Administration, the Air Force Weather Agency 138 

(AFWA), the Naval Research Laboratory, Oklahoma University, and the Federal Avi-139 

ation Administration (FAA). The WRF model is a fully compressible and non-140 

hydrostatic Euler model. Thirty-five vertical levels are used in a stretched vertical grid 141 

with spacing ranging from 50 m near the surface, to 500 m at 2.5 km and 1 km above 142 

14 km. The model employs the Lin microphysics scheme (Lin et al., 1983), the Yon-143 

sei University (YSU) PBL scheme (Noh et al., 2001), the Noah land-surface model 144 

(Chen and Dudhia, 2001), the long-wave radiation parameterization (Mlawer et al., 145 

1997), and the shortwave radiation parameterization (Dudhia, 1989). Detailed infor-146 

mation regarding the parameters used in the WRF model, such as the PBL scheme, 147 

the land surface scheme, the microphysics scheme, and the cumulus cloud scheme can 148 

be found at the WRF website (http://www.wrf-model.org/wrfadmin/docs/arw_v2.pdf), 149 

and the WRF model is documented by Skamarock et al. (2008).    150 

In addition to dynamical calculations, a chemical model is “online” coupled with the 151 

WRF model (WRF-Chem). Grell et al. (2005) provides more details about the WRF-152 

Chem. The version of the model used in the present study (Tie et al. 2007) includes an 153 

online calculation of dynamical inputs (winds, temperature, boundary layer, clouds, 154 

etc.); transport (advection, convection, and diffusion); dry deposition (Wesely, 1989); 155 

gas phase chemistry, radiation, and photolysis rates (Madronich and Flocke, 1999; Tie 156 

et al., 2003), and surface emissions (including an online calculation of biogenic emis-157 

sions). The chemical mechanism used is the RADM2 (Regional Acid Deposition 158 

Model, version 2) gas-phase chemical mechanism (Chang et al., 1989), which in-159 

cludes 158 reactions among 36 species. The aerosol modules used in the study are de-160 

scribed as the aerosol module developed by EPA CMAQ (version 4.6)  (Binkowski 161 

and Roselle, 2003). The inorganic aerosols are predicted in the WRF-Chem model 162 

using ISORROPIA (version 1.7) (http://nenes. eas.gatech.edu/ISORROPIA/), which 163 

calculates the composition and phase state of an ammonium-sulfate-nitrate-chloride-164 

sodium-calcium-potassium-magnesium-water inorganic aerosol in thermodynamic 165 

equilibrium with gas phase precursors. The secondary organic aerosol (SOA) for-166 

mation is simulated using a non-traditional SOA model including the volatility basis-167 

set modeling method in which primary organic components are assumed to be semi-168 
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volatile and photo-chemically reactive and are distributed in logarithmically-spaced 169 

volatility bins as previously described (Li et al., 2011).  170 

 171 
In this study, the domain of the numerical simulation is 1000×1000 km in a horizontal 172 

region that is centered in Beijing City with a resolution of 10 km. The chemical lateral 173 

boundary conditions are constrained from the result of a global chemical transport 174 

model (MOZART–Model for OZone And and Related chemical Tracers), with the 175 

aerosol formation modules  (Tie et al., 2005; Emmons et al., 2010). The model ran 176 

from Oct. 16 to Oct. 31, 2013, and only the results from the last 10 days (from Oct. 21 177 

to Oct. 31) were used (the results from the first five (5) days are considered as spin up 178 

of the model calculations). The hourly emissions in the region are based on the data-179 

base constructed by Streets et al. (2003; 2008), with a horizontal resolution of 0.16˚. 180 

The emissions are interpreted into the model resolution (10 km). The emission is 181 

evaluated and adjusted (due to the changes in different years between the inventory 182 

and model calculation) by the study of He et al. (2014).  183 

 184 
2.2 Box Model 185 

 186 

In order to perform a budget analysis, a simple box model, which is suitable for Bei-187 

jing City is established in this study. According to mass conservation, the PM2.5 con-188 

centration [X] can be calculated by the following equation: 189 

 190 

∂[X]/ ∂t =  ∂[X]/ ∂t]E + ∂[X]/ ∂t]T + ∂[X]/ ∂t]V + ∂[X]/ ∂t]C + ∂[X]/ ∂t]D        (1) 191 

 192 

Where ∂[X]/ ∂t represents the local change rate of PM2.5 concentrations in Beijing;   193 

∂[X]/ ∂t]E represents the change rate due to surface emissions; ∂[X]/ ∂t]T is the change 194 

rate due to advection; ∂[X]/ ∂t]V is the change rate due to vertical mixing; ∂[X]/ ∂t]C  is 195 

the change rate due to chemical reactions; and ∂[X]/ ∂t]D is the change rate due to sur-196 

face deposition. 197 

 198 

For the budget analysis, several assumptions were made in this study, including (1) 199 

for ∂[X]/ ∂t]C, the main chemical reactions  correspond to the particle chemical for-200 

mation (secondary particles). In this case, we added this term into the emission term 201 
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(∂[X]/ ∂t]EC = ∂[X]/ ∂t]E + ∂[X]/ ∂t]C); (2) the particles are well mixed and uniformly 202 

distributed inside the PBL height; (3) in a short period, the deposition term 203 

(∂[X]/ ∂t]D ) is small, especially for fine particles; and (4) in order to perform the 204 

budget analysis in Beijing City, we defined a horizontal box as Beijing City, with the 205 

city length and width of 100 km (shown in Fig. 1). 206 

 207 

Under the above assumptions and definitions, Eq. (1) is simplified to Eq. (2)  208 

 209 

                ∂[X]/ ∂t =  ∂[X]/ ∂t]EC + ∂[X]/ ∂t]T + ∂[X]/ ∂t]V                     (2)        210 

  211 

Where ∂[X]/ ∂t]EC represents the change rate due to both surface emissions and sec-212 

ondary aerosol formation. With the assumption that the particles are well mixed inside 213 

the PBL, and the transport between the PBLH and the free troposphere is neglected, 214 

the mean concentration in the box can be calculated by 215 

 216 

        [X]t+1 = [X] t + 
��

����
 � ∆t + {(WS  × [X])in – (WS  × [X])out}/DL � ∆t        (3) 217 

       218 

Where  [X]t+1 and [X]t represents the PM2.5 concentration at time t and t+1 (µg/m3), 219 

and EM represents surface emissions (µg/s/m2). PBLH stands for the PBL height (m); 220 

∆t is the time step (1 hour); WS is the wind speeds at 10 m (m/s); [X])in is the PM2.5 221 

concentration at the upwind boundary; [X])out is the PM2.5 concentration at the down-222 

wind boundary; and DL is the city length (m). In later sections, we demonstrated 223 

some important information regarding the formation of hazes, which can be obtained 224 

by a simple box model.  225 

 226 
 227 

 (3) Results and discussion 228 

 229 

3.1 Variability of PM2.5 concentrations   230 

 231 

The calculated PM2.5 concentrations were compared with the measured PM2.5 concen-232 

trations in Beijing. The measurement was provided by routine measurements from the 233 
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Chinese Environment Protection Administration (Chinese EPA). Based on the availa-234 

bility of data, this study used five (5) sites. Among the five (5) sites, two (2) are locat-235 

ed in the center of the city (Dongshi (116.4239E, 39.9305N) and Auti (116.4068E, 236 

39.9909N), and three (3) are at the edge of the city (Shunyi (116.6616E, 40.1367N), 237 

Huairuo (116.6378E, 40.3226), and Changping (116.2366E, 40.2264N)). The meas-238 

ured PM2.5 concentrations are hourly values, and the daily averaged values were com-239 

puted for the study. 240 

 241 

Surface emissions of PM2.5 (g/s) were noted for each model grid (see Fig. 2). As the 242 

northwest area of Beijing has mountains and grasslands, with a very small population, 243 

the northwest wind transports clean air to Beijing (as shown by the white arrow). In 244 

contrast, in the south of Beijing, the population is very dense, with several mega/large 245 

cities.  Thus, high PM2.5 emissions are located in the south of Beijing, and the south 246 

wind transports polluted air to Beijing (as shown by the black arrow). 247 

 248 
The measured data was averaged to represent mean concentrations in Beijing (as 249 

shown in the red bars in Fig. 3). PM2.5 concentrations in a pollution episode from Oct. 250 

21 to Oct. 31, 2013 in Beijing were calculated and measured. This episode was cho-251 

sen because it has unique properties for analyzing the causes of heavy hazes in Bei-252 

jing. First, during this period, PM2.5 concentrations were high, with the maximum dai-253 

ly averaged concentrations of 270 µg/m3. According to the definition by the Chinese 254 

Meteorological Administration (CMA), a haze event is defined by the following con-255 

ditions: visibility < 10 km and RH < 90%. According to the studies by Deng et al. 256 

(2008) and Cao et al. (2012), the PM2.5 concentrations corresponding to the definition 257 

of CMA ranged from a daily mean of 50-100 µg/m3. Thus, the PM2.5 concentrations 258 

can be considered as a heavy haze event. Second, there was a strong variability of the 259 

PM2.5 concentrations. For example, there were three (3) maxima and two (2) mini-260 

mums during the episodes. In order to understand the causes of the strong variability 261 

better, four periods (P-1, P-2, P-3, and P-4) were defined in the analysis. During P-1 262 

(from Oct. 21 to Oct. 23, 2013), the PM2.5 concentrations were high on Oct. 21 and 22 263 

(with daily averaged concentrations of 75-120 µg/m3), and decreased to a low value 264 

on Oct. 24 (20 µg/m3). During P-2 (from Oct. 23 to Oct. 28), the PM2.5 concentrations 265 

were low from Oct. 24 to Oct. 26 (less than 50 µg/m3), and then rapidly increased to 266 

very high values on Oct. 27 and 28 (with daily averaged concentrations of 170-270 267 
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µg/m3). During P-3 (from Oct. 28 to Oct. 29), the PM2.5 concentrations rapidly de-268 

creased from a very high value (270 µg/m3) to a low value (50 µg/m3). During P-4 269 

(from Oct. 29 to Oct. 31), the PM2.5 concentrations steadily increased from 50 µg/m3 270 

to 120 µg/m3. The four (4) periods represented different characteristics for the varia-271 

bility of PM2.5 concentrations. P-1 showed a period that decreased in shape. P-2 indi-272 

cated a period that accumulated heavy haze. P-3 represented a rapid cleaning process 273 

of the heavy haze, and P-4 suggested a heavy event that steadily increased. 274 

 275 

The model calculation shows that the WRF-Chem model was capable of simulating a 276 

strong variability. The four (4) periods were well represented in the model calculation, 277 

indicating that the major factors, which affected the variability, were included in the 278 

model. As a result, the model result can be used to analyze the variability of the epi-279 

sode. However, we noticed some discrepancies between the modeled and measured 280 

results. For example, the measured maximum on Oct. 28 was underestimated by the 281 

calculation. As we will show in later sections, this underestimation is mainly due to a 282 

complex of meteorological conditions.   283 

 284 

3.2 Effects of weather conditions on the haze  285 

 286 

Weather maps of the episode were drawn (see Fig. 4). On Oct. 24, there was an anti-287 

cyclone system with high air pressure (NW-High) located in the northwest of Beijing. 288 

This NW-High produced high northwest winds in the Beijing region, which was typi-289 

cal for producing low particle concentrations in Beijing. On Oct. 27, there was a weak 290 

system with very low winds in Beijing. This calm wind generally produced a concen-291 

tration of high particles. On Oct. 28, Beijing was sandwiched between two (2) weath-292 

er systems. In the northwest of Beijing, there was an anti-cyclone (NW-High), with 293 

north winds. In the southeast of Beijing, there was a cyclone (SE-Low), with south-294 

west winds. Under these conditions, the particle pollutants in Beijing were trapped 295 

between the two (2) systems, leading to high pollution. On Oct. 29, the SE-Low in the 296 

south of Beijing retreated, and the anti-cyclone system with a high air pressure center 297 

located in the northwest of Beijing dominated. This was similar to the weather condi-298 

tions on Oct. 24. As a result, the PM was rapidly transported to the downwind region 299 

of Beijing, leading to low pollution. The WRF-Chem model can further investigate 300 

the abovementioned effects of weather conditions on the PM2.5 concentrations.         301 
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  302 
A horizontal distribution of PM2.5 concentrations that corresponded to the different 303 

weather conditions was modeled (see Fig. 5). On Oct. 24, the PM2.5 concentrations 304 

were low. The spatial distribution shows that the PM was largely diluted in the 305 

downwind region of Beijing due to high northwest winds. On Oct. 27, due to very 306 

weak winds, PM2.5 concentrations strongly accumulated in Beijing City, resulting in a 307 

maximum of 400-500 µg/m3 (hourly concentration at 8 a.m.) in Beijing City. On Oct. 308 

28, the weather conditions were quite more complicated. First, the anti-cyclone was 309 

enhanced in the northwest of Beijing, generating northwest winds in the upwind re-310 

gion of Beijing. These conditions could have led to low PM2.5 concentrations. How-311 

ever, there was also a cyclone system in the southeast of Beijing, which combined 312 

with south winds in the region. As a result, the PM2.5 pollutants were sandwiched be-313 

tween the two (2) weather systems, producing a pollution belt and causing high PM2.5 314 

concentrations to be maintained in the Beijing region. As we can recall, the calculated 315 

PM2.5 concentrations underestimated the measured values (see in fig. 3). One explana-316 

tion for this is that under very complicated meteorological conditions, the regional 317 

model has some trouble reproducing small-scale meteorological features. Other rea-318 

sons could include uncertainties in emissions, secondary aerosol formation, and so 319 

forth. On Oct. 29, the anti-cyclone in the northwest of Beijing was further enhanced, 320 

and more importantly, the cyclone in the south of Beijing retreated. As a result, strong 321 

northwest winds prevailed, and PM2.5 was rapidly transported and diluted in the 322 

downwind region of Beijing, leading to the end of heavy PM2.5 event that occurred 323 

during Oct. 27-28.  324 

 325 

To understand the effects of weather conditions on PM2.5 due to Beijing’s local emis-326 

sions, a model simulation is performed with Beijing emissions only. The surface dis-327 

tribution of PM2.5 concentrations was calculated (see fig. 6). This calculation clearly 328 

shows that the PM2.5 plumes originated from Beijing. On Oct. 24, the plumes moved 329 

southeast due to the strong northwest wind. On Oct. 27, the plumes became concen-330 

trated in Beijing, causing locally high PM2.5 concentrations. This result also suggests 331 

that under calm wind conditions, the high PM2.5 concentrations in Beijing were main-332 

ly affected by local emissions. On Oct. 28, the plumes were sandwiched by the NW-333 

High and SE-Low, causing high PM2.5 concentrations in the center and south of Bei-334 

jing.  On Oct. 29, the plumes were transported to the south with a strong dilution.   335 
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 336 

3.3 Correlation between PM2.5 and important meteorological factors   337 

 338 

The above analysis shows the overall relationship between weather systems and PM2.5 339 

concentrations, and does not provide detailed information regarding the effects of ma-340 

jor meteorological factors associated with the weather systems on the PM2.5 concen-341 

trations. In order to better understand the evolution of the haze events and the roles of 342 

major meteorological factors for the formation of hazes, the PM2.5 concentrations and 343 

the corresponding meteorological factors were calculated, such as wind speed (WS), 344 

PBL height (PBLH), and a combination of the WS and PBLH, which is defined by the 345 

product of WS and PBLH (COMB = WS × PBLH) (see Fig. 7). All the WS and 346 

PBLH are daily averaged values, which were computed from hourly values. The re-347 

sults suggest that all three factors were strongly anti-correlated to the PM2.5 concen-348 

trations. The correlation coefficients between PM2.5 concentrations and the WS, the 349 

PBLH, and the COMB are -0.81, -0.86, and -0.78, respectively (see Fig. 7 and Fig. 8). 350 

It is worth noting that the correlation between PM2.5 and the COMB has the lowest 351 

correlation. This is due to the fact that the relationship of PM2.5-COMB has a non-352 

linear curve as compared to PM2.5-WS and PM2.5-PBLH. At the low value of the 353 

COMB, the concentrations of PM2.5 were very sensitive to the values of the COMB. 354 

For example, at the low side of the COMB, when the COMB values changed from 355 

150 m2/s to 500 m2/s, the PM2.5 concentrations rapidly reduced from 150 g/m3 to 100 356 

g/m3. In contrast, at the high side of the COMB, when the COMB values changed 357 

from 4,000 m2/s to 7,000 m2/s, the PM2.5 concentrations only reduced from 50 g/m3 to 358 

40 g/m3. This result suggests that when both the WS and the PBLH are small, the 359 

COMB is very sensitive to the PM2.5
 concentrations. Any small changes of the COMB 360 

can lead to a large change in the PM2.5 concentrations.  361 

 362 

Due to the high correlations of PM2.5-WS and PM2.5-PBLH, the variability of PM2.5 363 

concentrations corresponded with the variability of the WS, the PBLH, and the 364 

COMB. For example, during the period between Oct. 24 and 27, the daily averaged 365 

PM2.5 concentrations steadily increased from 40 to 170 µg/m3. The corresponding WS 366 

decreased from 5 m/s to 1 m/s; the PBLH reduced from 1,200 m to 300 m, and the 367 

COMB declined from 6,000 m2/s to 500 m2/s. During the period between Oct. 29 and 368 

Oct. 31, the daily averaged PM2.5 concentrations steadily increased from 50 to 150 369 
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µg/m3. The corresponding WS decreased from 3.5 m/s to 1 m/s; the PBLH reduced 370 

from 1,000 m to 400 m; and the COMB declined from 2,500 m2/s to 300 m2/s. In ad-371 

dition to the winds and the PBLH, the relative humidity (RH) is also correlated to the 372 

haze events in Beijing (Zhang et al., 2014). Under high RH values, the hygroscopic 373 

growth of aerosol particles is significantly enhanced, leading to the reduction of visi-374 

bility. This effect is out of the scope of this study.   375 

 376 

3.4 Budget analysis 377 

 378 

In order to use this simple box model for the budget analysis, Eq. (3) is first used to 379 

calculate the daily mean concentration during the heavy haze episode from Oct. 23 to 380 

27 (see fig. 9). Three calculations were carried out with the following assumptions: 381 

(a) only primary PM2.5 emissions are included. According to an estimation made by 382 

He et al. (2014), within 100 km × 100 km area that is centered in Beijing (as indicated 383 

in the black box in fig. 2), primary PM2.5 emissions are 320 Kton/year in the Beijing 384 

region. The calculated result is shown by the green line; (b) secondary particles due to 385 

the formation of sulfate and nitrate was included in the calculation, with different per-386 

centages of gases (SO2 and NOx) to particles (SO4
= and NO3

-) conversions. In addi-387 

tion to the inorganic secondary aerosol formation, there is also the formulation of sec-388 

ondary organic aerosol (SOA). As large uncertainty exists for estimating the for-389 

mation of SOA, this issue is left for future studies. The surface emissions of SO2 and 390 

NOx are 210 Kton/year and 70 Kton/year in the 100 km × 100 km area, respectively. 391 

The black line represents that there is a 100% conversion between the gases and parti-392 

cles. In other words, both SO2 and NOx are released in the particle phase. When calcu-393 

lating, the PBLH, the WS, Xin and Xout are used to calculate the daily averaged values 394 

from the results of the WRF-Chem. The blue line represents that there is a 50% con-395 

version between the gases and particles, namely, half of SO2 and NOx is released in 396 

the particle phase.  397 

 398 

The results show that the calculations by the simple box model are capable of repro-399 

ducing a large variability of the heavy haze event, but some discrepancies are also no-400 

ticeable (see Fig. 9). From Oct. 23 to 25, the calculated PM2.5 concentrations ranged 401 

from 40 to 60 µg/m3) in the three cases, which were slightly higher than the measured 402 

values (25-45 µg/m3). After Oct. 26, both the calculated and measured PM2.5 concen-403 
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trations rapidly increased. On Oct. 27, the calculated PM2.5 concentrations ranged 404 

from 125-225 µg/m3 in the three (3) cases, compared to the measured value of 155 405 

µg/m3. On Oct. 28, the calculated PM2.5 concentrations reached to a maximum, rang-406 

ing from 175-350 µg/m3 in the three (3) cases, compared to the measured value of 255 407 

µg/m3. On Oct. 29, both the calculated and measured PM2.5 concentrations rapidly 408 

decreased from the maximum. However, the measured value decreased in a more ag-409 

gressive way than the calculated values. This calculation also suggests that with about 410 

40% conversion between gases  (SO2 and NOx) to particles (SO4
= and NO3

-), the cal-411 

culation performs better than the measured result. 412 

 413 

Another important issue is that the PBLH and emissions have substantial diurnal vari-414 

ation. In the first one, we assume that the above box calculations use daily averaged 415 

values of the PBLH and emissions. In order to determine the effects of diurnal varia-416 

bility on the calculation, the results (see fig. 10) are recalculated with the following 417 

three (3) cases: (1) including the diurnal variation of PBLH only (PBLH-only), (2) 418 

including the diurnal variation of emissions only (EMIS-only), and (3) including both 419 

the diurnal variations of the PBLH and emissions (BOTH). The case containing the 420 

daily averaged values of the PBLH and emissions (see fig. 9) is also included in the 421 

figure. All calculations assumed 50% conversions between gas and aqueous phases. 422 

The result indicates that the diurnal variations of the PBLH and emissions have im-423 

portant effects on the calculated concentrations of PM2.5. The PBLH-only calculation 424 

has a tendency to be higher than PM2.5 concentrations, especially during haze days. In 425 

contrast, the EMIS-only calculation seems to be lower than the PM2.5 concentrations. 426 

With the BOTH calculations, the overestimation (PBLH-only) and the underestima-427 

tion (EMIS-only) balance each other. As a result, when using both the PBLH and 428 

emission variation, the calculated PM2.5 concentrations are closer to the default calcu-429 

lation (the constant daily values of PBLH and emissions).     430 

 431 

To understand the important processes controlling the formation of heavy haze better, 432 

several sensitive studies were performed by the box model. At first, we assumed that 433 

there was no horizontal dilution (a condition of calm winds), and the PM2.5 continu-434 

ously released into the city box. Eq. (3) can be rewritten as 435 

 436 
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                                  [X]t+1 = [X] t + 
��

����
 � ∆t           (4) 437 

 438 

We showed the temporal evolution of calculated PM2.5 concentrations by applying Eq. 439 

(4) (see fig. 11). The results show that with continuous PM2.5 emissions, the PM2.5 440 

concentrations increased linearly. This result also can provide a time scale for PM2.5 to 441 

reach different haze levels. As no advection exists, the results provide the fastest time 442 

(upper limit) for the occurrences of haze events. For example, according to the results, 443 

for PM2.5 concentrations reaching 150 µg/m3, the time required for the accumulation 444 

of PM2.5 emissions is 16 hours, 24 hours, and 32 hours, with 100%, 40%, 0% gas to 445 

particle conversions, respectively. For PM2.5 concentrations reaching to 250 µg/m3, 446 

the time required due to PM2.5 emissions is 32 hours and 44 hours with 100% and 447 

40% gas to particle conversions, respectively. If we use 40% as a standard calculation, 448 

within one (1) day, the PM2.5 concentrations can reach 150 µg/m3, and within two (2) 449 

days, the PM2.5 concentrations can reach 250 µg/m3. The PBL height was set-up to be 450 

1,000 m for all the above calculations.  451 

 452 

Eq. (4) also assumes that the PM2.5 emissions are vertically mixed inside the PBL 453 

heights. As a result, the PM2.5 concentrations are very sensitive to the PBLH. To study 454 

the sensitivity of the PM2.5 concentrations to the PBL heights, we used Eq. (4) with 455 

the following conditions: 40% gas to particle conversions and 36 hours of ∆t. The cal-456 

culated result suggests that PM2.5 concentrations are very sensitive to the PBL heights. 457 

The calculated PM2.5 concentrations of 200 µg/m3, 350 µg/m3, and 600 µg/m3, corre-458 

spond to the PBL heights of 1,000 m, 500 m, and 300 m, respectively (see Fig. 12). 459 

More importantly, the relationship between PM2.5 concentrations and PBL heights is 460 

non-linear. For example, the ratio between PM2.5 concentrations and PBL heights (Rp 461 

= ∆[PM2.5]/∆[PBL]) is 0.12 µg/m4 for the PBL heights of 1,200 m. However, when 462 

the PBL heights reduced to 300 m, the ratio of Rp enhanced to 2.2 µg/m4. This rapid 463 

increase in the ratio suggests that at lower PBL heights, the PM2.5 concentrations are 464 

extremely sensitive to the PBL heights, and any small changes in PBL heights could 465 

lead to significant changes in PM2.5 concentrations. 466 

 467 

The next analysis is to understand the city limit of atmospheric pollutants.  From the 468 

expression of the mass balance equations (2) and (3), when the emissions of pollu-469 
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tants is balanced by such removal processes (transport and diffusion), it can be ex-470 

pressed by  471 

 472 

                     
��

����
 	 + {(WS  × [X]) in – (WS  × [X])out}/DL  =  0 	       (5)   473 

 474 

The wind speed (WS) for reaching the balance can be expressed by  475 

 476 

     	                WSb  = (
��

����

 /�
�X�
out	–		 �X�
in
/DL�	                       (6)   477 

 478 
The WSb is the expression for the required wind speed to reach a balance between 479 

continuous emissions and atmospheric cleaning processes. The physical meaning of 480 

WSb can be expressed by: 481 

 482 

               (a) WS < WSb:  PM concentrations increase (an accumulation mode)  483 

               (b) WS = WSb:  PM concentrations remain constant (a neutral mode) 484 

               (c) WS > WSb:  PM concentrations decrease (a cleaning mode) 485 

                     486 

In calculating, the 40% gas to particle phase conversions for both SO2 and NOx are 487 

assumed according to the calculation shown (see Fig. 1). The [X]out is set at 200 488 

µg/m3 for presenting pollution. The two [X]in values (20 µg/m3 and 100 µg/m3) are 489 

applied in the calculation. With northwesterly wind, the upwind regions of Beijing are 490 

relatively clean of PM (as shown in Fig. 2), and the value of 20 µg/m3 is used for 491 

[X] in. In contrast, with southerly wind, the upwind regions of Beijing are relatively 492 

dirty, and the value of 100 µg/m3 is used to present a polluted regional backdrop.   493 

 494 

Eq. (6) also shows that the value of WSb is sensitive to the PBL height. The WSb un-495 

der different PBL heights is calculated (see Fig. 13). The results show that the WSb 496 

values strongly vary with the PBL heights. In the case of 20 µg/m3 for [X] in, when the 497 

PBL heights are higher than 700 m, the variation of WSb is small (close to 1 m/s). 498 

This result implies that under the NW-high and relatively high PBL conditions, the 499 

PM can be easily cleaned by advection, and PM will hardly accumulate to form haze. 500 

The WSb rapidly increases when the PBL heights are lower than 400 m. For example, 501 

the WSb values are 2.5 m/s and 4.0 m/s with the PBL heights of 300 m and 200 m, 502 
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respectively.  This result suggests that when the prevailing wind in Beijing is a north-503 

west wind (the NW-High condition) and the wind speed is greater than 4 m/s, the PM 504 

is under a cleaning mode. This general conclusion excludes the extreme case that 505 

when the PBL heights are very low (100 m), it requires the wind speed of 7.8 m/s to 506 

switch from the accumulation mode to the cleaning mode.  507 

 508 

In the case of 100 µg/m3 for [X] in under an SE-Low, the required wind speed to switch 509 

from the accumulation mode to the cleaning mode is significantly higher than the first 510 

case. For example, when the PBL heights are higher than 700 m, the values of the 511 

WSb is about 2 m/s. With a shallower PBL, a higher wind speed is needed to switch 512 

from the accumulation mode to the cleaning mode. For instance, the values of the 513 

WSb are 4.5 m/s and 7 m/s, with the PBL heights of 300 m and 200 m, respectively. 514 

Under the extreme case of 100 m for the PBL heights, it requires the wind speed of 515 

13.6 m/s to switch the PM from the accumulation mode to the cleaning mode. This 516 

result suggests that when the prevailing wind is a south wind (under the SE-Low con-517 

dition), the required wind speed needed to switch the PM from the accumulation 518 

mode to the cleaning mode is very high, especially under low PBL conditions.  519 

 520 

4. Summary 521 
 522 
In recent times, high PM2.5 concentrations have often occurred during the winter, 523 

causing a serious haze problem in Beijing. To study this “Beijing Haze”, a haze epi-524 

sode (from Oct. 21 to Oct. 31, 2013) in Beijing was analyzed. During the episode, the 525 

daily mean concentration of PM2.5 reached a peak value of 250 µg/m3 on Oct. 28, 526 

2013, and rapidly decreased to 50 µg/m3 the next day (Oct. 29, 2013). With a large 527 

and rapid variability, the high PM2.5 concentrations have provided a good opportunity 528 

to study the causes of the formation of the haze. In this study, two numerical models 529 

were applied. The first model was a chemical/dynamical regional model (WRF-530 

Chem), which was mainly used to study the regional effects of weather conditions on 531 

PM2.5 concentrations in the Beijing region. The second model was a simplified box 532 

model, which was applied to estimate some crucial parameters regarding the PM in 533 

the Beijing region. The main findings of this study are summarized as follows: 534 

 535 

(1) The city of Beijing is in a special geographical location. In the northwest area of 536 
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Beijing, there are mountains and grasslands, with a very small population. As a 537 

result, the northwest wind transports clean air to Beijing. In contrast, in the south 538 

of Beijing, the population is very dense, with several mega/large cities. Thus, the 539 

south wind transports polluted air to Beijing. Within this particular geographical 540 

location, weather conditions majorly influence the formation of haze in Beijing. 541 

When a high air pressure system appears in northwest Beijing (NW-High), it gen-542 

erally produces strong northwest winds with clean upwind air. As a result, the 543 

NW-High plays an important role in cleaning the PM in Beijing. However, when 544 

there is a low air pressure in southeast Beijing (SE-Low) accompanied with a 545 

NW-High, an air convergent zone occurs in Beijing. The pollutants are sand-546 

wiched between the two (2) systems, producing high PM2.5 concentrations in the 547 

Beijing region. 548 

(2) The PM2.5 concentrations are significantly affected by local meteorological fac-549 

tors, such as wind speed (WS), PBL height (PBLH), and a combination of the WS 550 

and the PBLH, which is defined by the product of the WS and the PBLH (COMB 551 

= WS × PBLH). The correlation coefficients between PM2.5 concentrations and 552 

the WS, the PBLH, and the COMB are -0.81, -0.86, and -0.78, respectively. 553 

There is a non-linear correlation between the PM2.5 concentrations and 554 

PBLH\COMB, while the correlation between the PM2.5 concentrations and WS is 555 

nearly linear.  556 

(3) The budget analysis shows that with calm winds and continuous surface emis-557 

sions, the daily mean PM2.5 concentrations can reach 150 µg/m3 within one (1) 558 

day, and 250 µg/m3 within two (2) days. This suggests that the current emission 559 

levels are high and can easily cause the formation of hazes. 560 

(4) The wind speed for reaching a balance between continuous emissions and atmos-561 

pheric clean processes (WSb) is studied. The result shows that WSb is strongly 562 

dependent on the PBL height and the wind direction. Under an SE-Low, the WSb 563 

is 2 m/s with a higher PBL height (700 m). However, under lower PBL heights, 564 

the WSb rapidly increases, reaching 4.5 m/s and 7.0 m/s, with PBL heights of 300 565 

m and 200 m, respectively. In contrast, under a NW-High, the WSb reduces to 2.5 566 

m/s and 4.0 m/s. This result suggests that when the prevailing wind in Beijing is a 567 

northwest wind (with a wind speed of > 4 m/s), the PM is under a cleaning mode.        568 

  569 

  570 
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Figure Captions 719 
 720 
 721 

Figure 1. A schematic picture of the 100 km ×100 km horizontal box representing 722 

Beijing. The vertical height of the box is the PBL height. The surface emissions of 723 

the primary PM2.5 and SO2+NOx are 320 and 270 Kton/year, respectively. 724 

 725 

Figure 2. Average hourly emissions of PM2.5 (g/s) in Beijing City and its surrounding 726 

regions, which are used in the model calculation. The black box shows a 100 km 727 

×100 km domain centered in Beijing. The white and black arrows represent the 728 

northwest and south/southeast winds, respectively.   729 

 730 

Figure 3. The calculated (green bars) and measured (red bars) daily mean PM2.5 con-731 

centrations in a pollution episode from Oct. 21 to Oct. 23, 2013 in Beijing. The P-732 

1, P-2, P-3, and P-4 indicates different periods, with different variability of PM2.5 733 

concentrations. 734 

 735 

Figure 4. The weather maps during the pollution episode. On Oct. 24, there was an 736 

anti-cyclone system with a high air pressure (NW-High) located in northwest of 737 

Beijing.  On Oct. 27, there was a weak system with very low winds in Beijing. On 738 

Oct. 28, Beijing was located between two (2) weather systems. In the northwest of 739 

Beijing, there was an anti-cyclone (NW-High), and in the southeast of Beijing, 740 

there was a cyclone (SE-Low), with southwest winds. On Oct. 29, the SE-Low in 741 

south of Beijing retreated, and the anti-cyclone system with a high air pressure cen-742 

ter located in the northwest of Beijing dominated.   743 

 744 

Figure 5. The modeled horizontal distribution of PM2.5 concentrations (µg/m3)  745 

corresponding to different weather conditions (see fig. 3).    746 

 747 

Figure 6. Same as Fig. 5, except that emissions in the surrounding areas are excluded, 748 

and only local emissions in Beijing are used in the model.   749 

 750 

Figure 7. The calculated PM2.5 concentrations (purple bars) and the corresponding 751 

meteorological factors, such as wind speed (green bars), PBL heights (blue bars), 752 
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and a combination of the WS and PBLH, which is defined by the product of the 753 

WS and the PBLH (brown bars).   754 

 755 

Figure 8. Dispersion plots and correlation coefficients between PM2.5 concentrations 756 

and the WS (green dots), the PBLH (blue dots), and the COMB (brown dots). The 757 

values of coefficients are  -0.81, -0.86, and -0.78, respectively. 758 

 759 

Figure 9. The calculated daily mean concentration during the heavy haze episode 760 

from Oct. 23 to 29 using the box model. Three model calculations with different 761 

percentages of gases (SO2 and NOx) to the conversion of particles (SO4
= and NO3

-) 762 

are performed, including (a) 100% (black line), (b) 50% (blue line), and (c) 0% 763 

(green line). The red line represents the measured result. 764 

 765 
Figure 10. The calculated daily mean concentration during the heavy haze episode 766 

from Oct. 23 to 29 using the box model. Four model calculations with different di-767 

urnal variations: (1) including the diurnal variation of PBLH only (blue line), (2) 768 

including the diurnal variation of emissions only (green line), (3) including both 769 

the diurnal variations of the PBLH and emissions (black line), and (4) daily aver-770 

aged values of the PBLH and emissions (red line). All calculations assume 50% 771 

conversions between gas and aqueous phases,     772 

 773 

Figure 11. The calculated evolution of PM2.5 concentrations under calm wind condi-774 

tions. Three model calculations with different percentages of gases (SO2 and NOx) 775 

to the conversion of particles (SO4
= and NO3

-) are performed: (1) 100% (green 776 

line), (2) 40% (red line), and (3) 0% (blue line). The triangles show the calculated 777 

concentration levels at 150 and 250 µg/m3.  778 

 779 
 Figure 12. The variation of calculated PM2.5 concentrations with different PBL 780 

heights, under calm winds.    781 

 782 

Figure 13. The calculated values of the WSb (the required wind speed to reach a bal-783 

ance between continuous emissions and atmospheric clean processes) at different 784 

PBL heights. The blue line and red line represent the northwest and south wind di-785 

rections, respectively.   786 
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