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Key points 24 

1. Seasonal variation of BL processes in the BTH region are examined using idealized 25 

simulations 26 

2. Seasonal variation of daytime BL height over most of BTH is spring > summer > 27 

fall > winter 28 

3. Seasonal variation of BL processes/structure modulates seasonal variation of air 29 

pollution  30 

 31 

Abstract 32 

The Beijing-Tianjin-Hebei (BTH) region experiences frequent heavy haze 33 

pollution in fall and winter. Pollution was often exacerbated by unfavorable 34 

atmospheric boundary layer (BL) conditions. The topography in this region impacts 35 

the BL processes in complex ways. Such impacts and implications on air quality are 36 

not yet clearly understood. The BL processes in all four seasons in BTH are thus 37 

investigated in this study using idealized simulations with the WRF/Chem model. 38 

Results suggest that seasonal variation of thermal conditions and synoptic patterns 39 

significantly modulates BL processes. In fall, with a relatively weak northwesterly 40 

synoptic forcing, thermal contrast between the mountains and the plain leads to a 41 

prominent mountain-plain breeze circulation (MPC). In the afternoon, the downward 42 

branch of the MPC, in addition to northwesterly warm advection, suppresses BL 43 

development over the western side of BTH. In the eastern coastal area, a sea-breeze 44 

circulation develops late in the morning and intensifies during the afternoon. In 45 
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summer, southeasterly BL winds allow the see-breeze front to penetrate farther inland 46 

(~150 km from the coast), and the MPC is less prominent. In spring and winter, with 47 

strong northwesterly synoptic winds, the sea-breeze circulation is confined in the 48 

coastal area, and the MPC is suppressed. The BL height is low in winter due to strong 49 

near-surface stability, while BL heights are large in spring due to strong mechanical 50 

forcing.  The relatively low BL height in fall and winter may have exacerbated the 51 

air pollution, thus contributing to the frequent severe haze events in the BTH region. 52 

 53 

Index Terms: 0345 Pollution: urban and regional; 3307 Boundary layer processes  54 

Keywords: Seasonal climate, air pollution, local atmospheric circulations, boundary 55 

layer structure, WRF, Beijing-Tianjin-Hebei 56 

 57 

1. Introduction 58 

 The Beijing-Tianjin-Hebei (BTH) region, part of the North China Plain (NCP), is 59 

located along the northeastern coast of mainland China and includes the Beijing 60 

municipality, Tianjin municipality, and Hebei province (Figure 1). The BTH region 61 

covers an area of 216,000 square km (about 2.3% of Chinese territory), and has a 62 

population exceeding 100 million. Due to the rapid industrialization and urbanization 63 

of the past few decades, the BTH region has become one of the most 64 

economically-developed regions in China, contributing more than 10% of the total 65 

Chinese gross domestic product (GDP) in 2010 [NBSC, 2011]. The rapid and 66 

tremendous economic development has resulted in frequent heavy air pollution in this 67 
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region [Chan and Yao, 2008; Chen et al., 2013; He et al., 2001; Ji et al., 2014; Liu et 68 

al., 2013; Quan, et al., 2014; Sun et al., 2006; Tao et al, 2012; Xu et al., 2011; Zhang 69 

et al., 2013]; the BTH region is regarded as one of the most heavily polluted areas in 70 

the world [van Donkelaar et al., 2010; Huang et al., 2014].  71 

Great efforts have been devoted to investigating air pollution issues in the BTH 72 

region. In addition to high emissions, meteorological factors have been found to play 73 

an important role in exacerbating air pollution in this region [Xu et al., 2011; Wang et 74 

al., 2014b; Liu et al., 2013; Hu et al., 2014; Sun et al., 2006; Qu et al., 2015; Zhang et 75 

al., 2015a].  Detailed statistical analysis conducted in Xu et al. [2011] and Zhang et 76 

al. [2015a] showed that the concentration of CO, SO2 and NO2 is reversely correlated 77 

with surface wind speed and O3 is positively correlated with temperature in BTH.  78 

High aerosol levels in the BTH region were often associated with low wind speed and 79 

high relative humidity near the surface [Sun et al. 2006; Wu et al., 2008; An et al., 80 

2007].  Southerly winds were more likely to lead to air pollution episodes in BTH 81 

[Fu et al., 2014, Zhao et al., 2009].  Partially due to the limited observations from the 82 

atmospheric boundary layer (BL), these previous studies have focused on the impact 83 

of surface meteorological variables on ambient air quality, and were not able to reveal 84 

the important role of BL processes/structure in dispersion of pollutants.  Some recent 85 

studies have suggested that atmospheric BL conditions may play a more important 86 

role in determining pollutant concentrations in the BTH region [Quan et al., 2013; Hu 87 

et al., 2014; Sun et al., 2013; Liu et al., 2013; Wang et al., 2014b; Tie et al., 2014].  88 

Low BL height (BLH) was found to be partially responsible for several air pollution 89 
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episodes in the region [Quan et al., 2013; Liu et al., 2013; Wang et al., 2014a and 90 

2014b].  Most of these studies, however, were limited to severe pollution cases [Liu 91 

et al., 2013; Wang et al., 2014b; Hu et al., 2014; Quan et al., 2013; Sun et al., 2013; 92 

Tie et al., 2014], and none investigated the role of seasonal variation of BL 93 

processes/structure on pollution levels in the BTH region.  94 

Many previous studies have suggested a seasonal variation of frequency of air 95 

pollution events in the BTH region, with most of the ozone pollution events occurring 96 

in summer and most of the PM2.5 dominated haze pollution events occurring in fall 97 

and winter [Fu et al., 2014; He et al., 2001; He et al., 2006; Liu et al., 2013; Quan et 98 

al., 2014; Ji et al., 2014; Wang et al., 2014b; Huang et al., 2014; Gao et al., 2015; Tie 99 

et al., 2014; Zhang et al., 2015a; Wang et al., 2011; San Martini et al., 2015].  In 100 

terms of coarse particles, a majority of the severe events were found to be associated 101 

with dust storms, which occurred most frequently in spring [Shao and Dong, 2006; 102 

Tian et al., 2014; Wang et al., 2005; Kurosaki and Mikami, 2003].  The causes for 103 

the seasonal variation of air pollution in BTH is, however, not clearly understood [Fu 104 

et al., 2014; He et al., 2001; Zhang et al., 2015a; Zhang et al., 2013].  It is speculated 105 

to be related to seasonal variation of emissions [Zhang et al., 2013; He et al., 2006] 106 

and near-surface meteorological conditions [Zhang et al., 2015a; Xu et al., 2011].  107 

None of the previous studies attempted to attribute the causes for the seasonal 108 

variation of air pollution in this region to the seasonal variation of BL structure.  One 109 

objective of the present study is to investigate the prominent seasonal variation of BL 110 

structure in the BTH region, which will be demonstrated in this study to play a critical 111 
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role in modulating the seasonal variation of air pollution in BTH. 112 

The topography in the BTH region impacts the BL processes and structure in 113 

complex ways [Xu et al., 2011; Sun et al., 2013; Liu et al., 2009b; Hu et al., 2014; 114 

Chen et al., 2009; Chan and Yao, 2008; Miao et al., 2015a; Wang et al., 2010]. With 115 

the Taihang Mountains to the west, the Yan Mountains to the north, and the Bohai 116 

Sea bordered to the east (Figure 1a), thermally induced local atmospheric 117 

circulations, such as the sea-breeze circulation and mountain-plain breeze circulation 118 

(MPC), develop frequently in the BTH region under favorable synoptic conditions 119 

[Chen et al., 2009; Sun et al., 2013; Liu et al., 2009b; Hu et al., 2014; Miao et al., 120 

2015a]. 121 

The sea-breeze circulation is induced by thermal contrast between the land and 122 

sea, and influence the transport and distribution of pollutants over coastal regions 123 

[Miller et al., 2003].  The sea-breeze circulation has been investigated around the 124 

world in terms of its formation mechanism [Tijm et al., 1999; Reible et al., 1993; 125 

Qian et al., 2009], structure [Buckley and Kurzeja, 1997; Wood et al., 1999; 126 

Puygrenier et al., 2005], and its impact on air quality [Lo et al., 2006; Lu and Turco 127 

et al., 1994; Wu et al., 2013; Liu and Chan, 2002].  A few case studies have 128 

investigated the sea-breeze circulation in the BTH region [Sun et al., 2013; Liu et al., 129 

2009; Miao et al., 2015a].  Liu et al. [2009b] and Miao et al. [2015a] reported that 130 

the sea-breeze in the BTH region can penetrate as far inland as the Langfang area 131 

(~100 km inland from the coast) on a clear summer day.  Sun et al. [2013] 132 

demonstrated that the diurnal variation of sea-breeze circulation trapped the 133 
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pollutants in the BTH region, resulting in serious pollution on 1-16 August 2009.  134 

The aforementioned studies were carried out for specific cases; none of them 135 

investigated the seasonal variation of sea-breeze circulation characteristics (e.g., 136 

extent of inland penetration) and the impacts of this seasonal variation on the BL 137 

structure in the BTH region. 138 

In the presence of strong solar radiation, the near-surface air temperature over 139 

mountainous terrain during the daytime is normally higher than the air temperature at 140 

the same height over the adjacent plain [Banta and Cotton, 1981]. As a result, upslope 141 

winds develop near the mountainside surface; a return flow simultaneously develops 142 

aloft over the adjacent plain.  At night, the thermal gradient (and the resultant 143 

circulation) are reversed. This thermally driven phenomenon is termed the 144 

mountain-plain breeze circulation (MPC).  The MPC has been found to influence BL 145 

structure and air quality over various mountain-plain/valley regions, including the 146 

Freiburg area in Germany [Baumbach and Vogt, 1999], the Lower Fraser Valley in 147 

Canada [De Wekker 2008; Reuten et al., 2005], and the Inn Valley in Austria [Gohm 148 

et al., 2009].  It has recently been found that the BL structure and air quality in the 149 

BTH region may be affected by the MPC [Hu et al., 2014; Chen et al., 2009; Miao et 150 

al., 2015b].  Hu et al. [2014] reported that the MPC suppressed BL development in 151 

the NCP (where BTH is located) and exacerbated air pollution in an ozone episode.  152 

Chen et al. [2009] observed an elevated pollution layer above the BL over Beijing on 153 

18 August 2007, which was attributed to vertical transport from the BL by the upward 154 

branch of the MPC.  Miao et al. [2015b] reported that an elevated pollution layer 155 
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induced by MPC may have served as a reservoir (and later contributed to a pollution 156 

event) in BTH on 23-24 September 2011.  These previous studies focused on the 157 

effects of the MPC on BL structure and air quality in certain pollution episodes.  The 158 

seasonal variation of MPC and its impacts on seasonal variation of air pollution in 159 

BTH, however, still remain unclear. 160 

As a necessary first step to reveal the complicated causes for the seasonal 161 

variation of air pollution in BTH [Zhang et al., 2015a; Zhao et al. 2009; Yamaji, et al., 162 

2006; Vecchi et al., 2001], the present study investigates the seasonal variation of 163 

local atmospheric circulations and BL structure in BTH and its impacts on air quality 164 

using idealized simulations with the Weather Research and Forecasting model with 165 

Chemistry (WRF-Chem) [Grell et al., 2005].  The remainder of this paper is 166 

organized as follows.  Design of numerical experiments and observational data are 167 

described in section 2.  The seasonal variations of BL processes/structure, as well as 168 

their implications for air quality in BTH, are examined in section 3.  Finally, the 169 

findings of this study are summarized in section 4. 170 

  171 

2. Methods 172 

2.1 Design of numerical experiments 173 

 To investigate the seasonal characteristics of the BL processes in the BTH region 174 

and their impact on air quality, the WRF-Chem model (version 3.6) is used to conduct 175 

four idealized numerical experiments: one corresponding to each of the four seasons, 176 
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i.e., winter (December, January, and February), spring (March, April, and May), 177 

summer (June, July, and August) and fall (September, October, and November).  178 

Since both meteorological and chemical processes modulate concentration of 179 

chemical species simultaneously, the first-order impact of meteorological processes 180 

on concentrations of particular species can be hardly isolated/identified with the full 181 

chemistry simulation. Thus, the WRF-Chem tracer (i.e. SO2) simulations are 182 

conducted with the emission (Figure 1b) composed by Zhang et al. [2009] in this 183 

study, to demonstrate the first-order impact of BL processes on air quality in the BTH 184 

region. The boundary condition of SO2 in the outermost domain is set as clean state, 185 

and the initial condition of SO2 of each simulation is extracted from another 24-hour 186 

WRF-Chem tracer simulation initialized with the clean state.  The lifetime of 187 

tropospheric SO2 with respect to gas-phase oxidation is typically a few days [Eisinger 188 

and Burrows, 1998; Fiedler et al., 2009].  It may be not as ideal as other species with 189 

longer lifetimes (e.g., CO) to be treated as a strictly passive tracer, SO2, however, can 190 

be treated as a “nearly” passive tracer when investigating its regional transport and 191 

accumulation [Fiedler et al., 2009] 192 

Three one-way nested domains with horizontal grid spacings of 27, 9 and 3 km 193 

(Figure 1a) and the MODIS 2010 land use data (Figure 1c) are used in the 194 

WRF-Chem simulations. Each domain has 48 vertical layers extending from the 195 

surface to the 100 hPa level, with 21 layers between the surface and 2 km above 196 

ground level (AGL) to better resolve BL processes and structures. Since BL schemes 197 

plays a critical role in simulating BL processes/structure [Hu et al., 2010], four 198 
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commonly used BL schemes (i.e. the Yonsei University (YSU) [Hong et al., 2006; Hu 199 

et al., 2013], Mellor–Yamada–Janjic (MYJ) [Janjić, 1994], Bougeault – Lacarrere 200 

(Boulac) [Bougeault and Lacarrére, 1989] and Asymmetric Convective Model, 201 

version 2 (ACM2) [Pleim, 2007] schemes) were tested. It was found that the selection 202 

of the BL scheme does not affect the simulation of local atmospheric circulations. The 203 

simulation results with the YSU scheme will be presented in this manuscript. 204 

The other physics parameterization schemes employed in this study include the 205 

updated rapid radiative radiation scheme [Iacono et al., 2008], and the Noah land 206 

surface scheme [Chen and Dudhia, 2001] with a single-layer urban canopy model 207 

[Kusaka et al., 2001; Kusaka and Kimura, 2004].  The parameters in the urban 208 

canopy model are set following the configurations used in previous urban studies for 209 

the BTH region [Wang et al., 2012; 2013].   210 

Considering that the real situation of atmospheric pollution is complicated, which 211 

is modulated by the cloud processes, BL processes, and transient processes (i.e. fronts, 212 

troughs). To understand the complex contributions of these various processes, it is 213 

necessary to develop first a complete understanding of effects the BL processes in a 214 

clear condition. Thus, the microphysics and cumulus schemes are thus turned off in 215 

the idealized simulations. Similar approaches to isolate the BL process from moist 216 

process have been used by De Wekker [2008] to investigate the suppression of BLH 217 

near a mountain, and by Pu and Dickinson [2014] to investigate the dynamics of 218 

Low-Level Jet over the Great Plains, and by Braun et al. [1999] to investigate barrier 219 

jet formation on the western side of a plateau.  Besides, the BTH region locates in 220 
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the semi-arid area of northern China where the annual precipitation is merely 570 mm 221 

[Gong et al., 2004], and most pollution episodes occur on days without precipitation. 222 

Thus study of BL processes in a dry condition is most relevant in this region for air 223 

pollution purpose. 224 

 The overarching goal of the current study is to examine the seasonal mean diurnal 225 

cycle of BL processes/structure.  To this end, the four idealized simulations are 226 

initialized with seasonal mean meteorological conditions at 0000 UTC, and forced by 227 

seasonal mean (but with diurnal variations) lateral boundary conditions and solar 228 

radiation in 2010.  The year 2010 is chosen because the seasonal synoptic forcing in 229 

this year is quite similar to the mean seasonal synoptic forcing during the past three 230 

decades.  To represent the seasonal mean solar radiation forcing, the four simulations 231 

are initialized at 0800 LT (0000 UTC) on a day in the middle of each season, i.e., 14 232 

January, 14 April, 14 July, and 14 October, respectively.  The seasonal mean 233 

boundary and initial conditions for the atmosphere, ocean, and soil are derived from 234 

the National Center for Environmental Prediction (NCEP) global Final (FNL) analysis 235 

from December 2009 to November 2010.  The lateral boundary conditions are 236 

derived from average FNL analyses at 0000, 0600, 1200, and 1800 UTC for each 237 

season.  These seasonal mean boundary conditions are cycled periodically in time 238 

(i.e., from 0000 to 0600 to 1200 to 1800 UTC and then back to 0000 UTC), allowing 239 

diurnal variation (but not other transient atmospheric processes such as fronts, troughs 240 

and potential vorticity anomalies) to influence the simulation domain [Trier et al., 241 

2010; Sun and Zhang, 2012].  A similar approach to set up the initial and boundary 242 
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conditions has been used in previous studies to investigate diurnal variations of 243 

precipitation in China [Sun and Zhang, 2012] and United States [Trier et al., 2010].  244 

The simulations are run for 40 hours, and the sea surface temperature is updated every 245 

6 hours.  The first 16 hours of each simulation are considered as a spin-up period, 246 

and the remaining 24 hours (from 0000 LT to 2400 LT) are used to investigate the 247 

seasonal mean diurnal variation of BL processes/structure. The effect of different 248 

spin-up times (16 hours and 28 hours) was tested, it was found that the selection of 249 

spin-up time does not affect the simulations of local atmospheric circulations.  250 

Our approach differs from that of Lu et al. [2010] and Wu et al. [2011] in terms of 251 

the configuration of lateral boundary conditions. Lu et al. [2010] and Wu et al. [2011] 252 

used time-independent seasonal mean lateral boundary conditions (i.e., without 253 

diurnal variation) in their model simulations to investigate the diurnal cycle of 254 

sea-breeze and urban heat island effects in the Pearl River Delta region of China.  255 

Such boundary conditions removed the diurnal cycle of atmospheric properties at the 256 

model boundaries, possibly suppressing the diurnal cycle of BL processes/structures 257 

in the domain in Lu et al. [2010] and Wu et al. [2011].  This negative effect is 258 

avoided in our simulations by using seasonal mean boundary conditions with diurnal 259 

variations. 260 

2.2 Data for model evaluation and analysis of BL processes 261 

Observations of 2-m temperature and relative humidity (RH) archived in the 262 

National Climatic Data Center (NCDC) data are extracted to evaluate the performance 263 
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of the model in this study. See the location of NCDC stations in Figure 1a. 264 

Since 2004, a dense network of automatic weather stations (AWS) has been 265 

deployed in Beijing area by the Beijing Meteorological Bureau, which provides 266 

hourly observations of air temperature, relative humidity, wind speed, and wind 267 

direction [Yang et al., 2013; Dou et al., 2015]. In this study, the observations of the 268 

AWS network from 2010 to 2011 are used to investigate the seasonal variation of BL 269 

processes in Beijing. 270 

Fine-resolution radiosonde profiles at the Nanjiao site (39.8 oN, 116.467 oE) in 271 

Beijing are also used to demonstrate the impact of MPC on BL structure on 12 272 

September, 2010.  Such a case study is presented in the supplementary file. 273 

 274 

3. Results 275 

3.1 Large scale forcing and thermal conditions 276 

Comparison of the seasonal mean 850-hPa geopotential height fields (Figure 2) 277 

illustrates a distinctively different synoptic pattern in summer, with a high pressure 278 

synoptic system (the subtropical anticyclone) located to the southeast of the BTH 279 

region and a low pressure system to the northwest (Figure 2b). Such a synoptic 280 

pattern supports a southerly synoptic wind and southeasterly BL prevailing wind in 281 

the BTH region.  In other three seasons, a northeast-to-southwest pressure gradient 282 

persists in the BTH region (Figures 2a, 2c and 2d), supporting a northwesterly 283 

synoptic wind in BTH. Impact of the different seasonal synoptic forcing on BL 284 
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processes/structure in BTH will be examined using the four idealized simulations. 285 

 Simulated seasonal mean 2-m temperature and RH fields at 1400 LT are 286 

compared with the observation archived by NCDC (Figures 3, 4). Even though cloud 287 

processes are excluded, the idealized simulations successfully reproduce the general 288 

surface temperature and RH distribution of each season.  The correlation between 289 

the observed and simulated 2-m temperature is significant, with a correlation 290 

coefficient of 0.96 (p < 0.01).  The simulated 2-m RH also agrees well with the 291 

observation (Figure 4), with a correlation coefficient of 0.73 (p < 0.01). The good 292 

model performance in terms of spatial distribution of temperature and RH provides a 293 

basis for the model to capture seasonal variation of thermally-induced BL processes.  294 

The daily maximum 2-m temperature in BTH is ~296 K (spring), 310 K (summer), 295 

295 K (fall), 274 K (winter), respectively.  The combination of high temperature and 296 

strong solar radiation during the summer provides favorable conditions for ozone 297 

formation in the BL, which resulted in frequent severe ozone pollution events in 298 

summer in BTH [Zhang et al., 2015b; Wang et al., 2011; Xu et al., 2011; Xu et al., 299 

2008]. 300 

 Unlike ozone, which is significantly correlated with temperature and solar 301 

radiation, ambient PM2.5 concentrations in BTH appear to be dictated by more 302 

complex factors [Zhang et al., 2015b; Wang et al., 2011; Xu et al., 2011; Xu et al., 303 

2008].  Recent studies [Quan et al., 2013; Sun et al., 2013; Tie et al., 2014] have 304 

suggested that BL processes/structure may play an important role in modulating the 305 

PM2.5 concentrations in this region.  Since PM2.5-dominated haze pollution episodes 306 
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in the BTH region occur mostly during the fall and winter [Fu et al., 2014], the local 307 

atmospheric circulations and BL structure in these two seasons are presented first, 308 

followed by spring and summer. 309 

3.2 Local atmospheric circulations and BL structure during fall 310 

In fall, a momentum front develops around 1000 LT along the coast of the Bohai 311 

Sea and begins to move inland (Figures 5a-d). Behind the momentum front, the air is 312 

moister (Figures 5i-l) and cooler (Figures 5m-p) than in the continental air mass ahead 313 

of the front. These sharp changes across the front suggest a typical marine air mass 314 

behind the front.  The inland penetration of cool, moist marine air in the form of a 315 

front indicates the development of a sea-breeze circulation along the Bohai Bay.  At 316 

the leading edge of the sea-breeze front (SBF), due to the sharp change of wind speed, 317 

a convergence belt with strong upward motion (Figures 5e-h) is present, indicating the 318 

sea-breeze head [Miller, et al., 2003]. 319 

During the rest of the day, as the thermal difference between the land and sea 320 

persists (Figure S2) and strengthens, the SBF advances further inland as the 321 

sea-breeze circulation intensifies (Figure 5). The development and inland penetration 322 

of the sea-breeze are further illustrated in the vertical cross-section of wind across the 323 

sea-breeze front (Figure 6). The onshore flow, upward motion at the SBF, and a return 324 

offshore flow above 300 m are prominent at 1200 LT, indicating a complete 325 

sea-breeze circulation cell. The upward motion induced by the convergence at the 326 

SBF lifts the BL top during the daytime.  At 1500 LT, the sea-breeze head lifts the 327 
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BL at Tianjin as high as ~2 km (Figure 6b). The vertical motion in the coastal area 328 

peaks around 1500 LT when the thermal contrast between land (warm) and sea (cool) 329 

is the strongest, and the vertical motion weakens gradually afterward (Figure S5). 330 

After sunset, the land-sea thermal contrast is reduced, but due to the inertia effect, 331 

the SBF continues to move inland until 2200 LT, reaching as far as ~100 km from the 332 

coast (Figures 5d, 5h, 5l, 5p and 5d).  Afterward, as radiation cooling persists, the 333 

thermal contrast between the land and the sea reverses (i.e., the air temperature over 334 

the land is lower than air temperature over the sea), causing the sea-breeze to 335 

gradually weaken, and ultimately transition to an offshore land-breeze by around 0200 336 

LT in the coastal area.  The nighttime and early morning offshore land-breeze may 337 

bring the BTH pollutants over the sea and the afternoon onshore sea-breeze may bring 338 

those pollutants back to the coastal area.  The land- and sea-breeze diurnal reversal 339 

provides a mechanism for the pollutants emitted in the coastal cities to be recycled 340 

and accumulated (see the transport of pollutants by land/sea breeze in Figures S6c-d), 341 

as reported in previous studies [Simpson, 1994; Grossi et al., 2000; Baumgardner et 342 

al., 2006; Levy et al., 2009].  Such a mechanism has been illustrated to exacerbate 343 

air pollution during a PM2.5 dominated haze episode in the BTH region [Sun et al. 344 

2013]. 345 

In addition to the sea-breeze circulation, another local atmospheric circulation 346 

develops over Beijing and the adjacent mountains (Figure 6) in fall.  During the 347 

daytime in warm seasons, mountains act as elevated heat sources [Banta and Cotton, 348 

1981]. The near-surface air over the mountains is heated by the strong sensible heat 349 
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flux (Figure S3), resulting in a higher air temperature than that at the same height over 350 

the adjacent plains (Figures S4, 7a). Such a thermal contrast causes thermally-induced 351 

upslope winds to develop along the sloping terrain.  A return flow simultaneously 352 

develops above the BL (Figure 6a). Such a closed circulation cell indicates the MPC.  353 

The MPC cell develops in the morning with a horizontal scale of ~50 km at 1200 LT 354 

and grows with a horizontal scale of ~80 km at 1500 LT (Figure 6b). 355 

 In the afternoon, the return flow of the MPC, superimposed on the prevailing 356 

northwesterly wind, brings warmer air from the mountains to the adjacent plains 357 

(Figure 7), forming an inversion layer above the BL (Figure 8c) and suppressing the 358 

vertical growth of the BL. In addition, the downward motion of the return flow also 359 

suppresses the development of BL over the adjacent plain.  As a result, the BLH in 360 

Beijing is merely ~0.9 km at 1500 LT (Figure 8c), which is significantly lower than 361 

the BLH further from the mountains at Langfang (~1.3 km) or Tianjin (~1.8 km). The 362 

spatial distribution of simulated BLH (Figure 9c) indicates that suppression of the BL 363 

occurs not only in Beijing, but throughout the western and northern part of the BTH 364 

region near the Taihang and Yan mountains.  The BLH in this part of the region is 365 

limited to ~1 km during the afternoon (Figure 9c).  Such a scenario (i.e., suppression 366 

of BL development by the MPC) is nicely observed using fine-resolution radiosonde 367 

data on 12 September 2010 (see Figure S7 and relevant discussion in the 368 

supplementary file).  The shallow BL suppressed by MPC limits the total air volume 369 

available for dispersion of atmospheric pollutants, leading to accumulation of 370 

pollutants in the western plains of the BTH region (Figures 10c, 11c).  Suppression 371 
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of the convective BL near mountains and plateaus has been previously reported in 372 

limited short-term case studies [Hu et al., 2014; De Wekker, 2008], but its 373 

implications for seasonal variation of pollution in a region have not been explicitly 374 

investigated.  To our knowledge, this study for the first time indicates that such 375 

processes may have be partially responsible for the high frequency of PM2.5 376 

dominated haze pollution events during the fall in the BTH region.  377 

After sunset, the differential heating between the mountains and plains reverses: 378 

the near-surface air temperature over the mountains becomes lower than the air 379 

temperature at the same height over the adjacent plains (Figure 7d). As a result, a 380 

downslope mountain-breeze develops (Figures 6d).  Such a diurnal variation of MPC 381 

in fall manifests itself in the diurnal reversal of surface wind direction over Beijing, 382 

i.e., with the southerly wind dominating in the afternoon (Figures S8g, S9) and the 383 

reversed northwesterly wind during nighttime (Figures S8c, S9).  As the cold 384 

mountain air flows down the slope and accumulates in the adjacent plains during the 385 

night and early the next morning, a pool of cool air forms over the western plains of 386 

the BTH region (Figure 12). This pool of cool air is characterized by very stable 387 

stratification and weak turbulent mixing, favoring the accumulation of air pollutants.  388 

Similar cool air pools have been reported to form frequently near other mountains and 389 

plateaus due to similar mechanisms [e.g., Mahrt et al., 2010].  The cool air pool 390 

persists until the early morning (Figure 12d), and slows the growth of convective BL 391 

(Figure 7a) in the western plains of the BTH region.  Therefore, the presence of the 392 

nighttime cool air pool also plays a role in limiting the convective BL development in 393 
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this region as shown in Figure 9c. 394 

 395 

3.3 Local atmospheric circulations and BL structure during winter 396 

 In winter, thermally-induced local atmospheric circulations are suppressed in the 397 

presence of weak surface sensible heat flux (Figures S1d, S3d) and strong 398 

northwesterly synoptic winds. The sea-breeze develops by around 1500 LT (Figures 399 

13b, 13f), but barely advances inland during the afternoon (Figures 13c, 13g). After 400 

sunset, the sea-breeze subsides by around 2000 LT (Figures 13d, 13h). The maximum 401 

inland penetration distance of the sea-breeze in winter is only ~20 km (Figures 13c, 402 

13g).  On the western side of the BTH region, without sufficient heating from the 403 

solar radiation (Figures S3, S4), the wintertime MPC is sufficiently weak in the 404 

afternoon that it is almost swept out by the strong northwesterly prevailing wind 405 

(Figures 13, 14).  As a result, northwesterly winds dominate near the surface in 406 

Beijing area throughout the day (Figures S8d, S8h, and S9). 407 

 Due to the weak surface sensible heat flux (Figure S1d), the development of 408 

daytime convective BL in winter is considerably limited (Figures 8d, 14) in the 409 

presence of a strong inversion layer capping the BL (Figures 8d, 14).  As a result, the 410 

BLH over the whole BTH region reaches only ~1 km in the afternoon (Figures 8d, 9d).  411 

Such a low BLH over the whole BTH region limits the vertical dispersion of 412 

pollutants (Figures 10d, 11d) and is partially responsible for the frequent occurrence 413 

of severe regional air pollution events during the winter in this region [Wang et al., 414 
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2014a and 2014b].  Such a connection has also been suggested in a previous study 415 

[Schleicher et al. 2015], which ascribed the winter peak of daytime atmospheric 416 

mercury in Beijing to the seasonal low mixing layer height during the winter, in 417 

addition to seasonal sources of mercury. 418 

3.4 Local atmospheric circulations and BL structure during summer  419 

 Unlike during the winter, intense solar radiation and long days during the summer 420 

favors the development of local atmospheric circulations. The sea-breeze develops in 421 

the early morning (around 0800 LT) and persists until midnight (Figure 15).  By 422 

2000 LT, the SBF propagates inland up to ~150 km from the coast and reaches the 423 

base of the mountains to the west of Beijing (Figures 15d, 15h and 16d).  Such deep 424 

inland sea-breeze penetration is not only driven by the local thermal contrast between 425 

the land and the sea, but is also facilitated by the southeasterly prevailing wind in the 426 

BL (Figure 2b), which is oriented along the same axis as the sea-breeze. A case of 427 

sea-breeze development and inland penetration on July 20 2010 is analyzed using 428 

surface AWS observations in the supplementary materials (Figures S10, S11).  The 429 

extent of inland penetration of sea-breeze during summertime is consistent with 430 

previous studies e.g., Liu et al. [2009] and Zhang et al. [2013]. 431 

 In addition to the prominent sea-breeze, the MPC is also well established in the 432 

summer in the western BTH region (Figure 16).  The upslope breeze appears by 433 

around 0800 LT and develops into a closed circulation by around noon (Figure 16a).  434 

Much like in the fall, the downward branch of the MPC suppresses vertical growth of 435 
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the BL over the adjacent plains in the late morning (Figure 16a).  However, unlike 436 

the fall case, the horizontal scale of the closed MPC circulation is limited to ~30 km 437 

in the afternoon due to perturbation by vigorous turbulent eddies over the mountains 438 

and plains (Figures 16b-c). 439 

 With the strong turbulent eddies (Figures 16b-c), the BL grows up to ~2 km over 440 

the plains in the afternoon in summer in most areas of the BTH region (Figures 8b, 9b 441 

and 16), except for the narrow coastal area (e.g., Tianjin) affected by the sea-breeze.  442 

The near-surface air temperature along the eastern coast of the BTH region is reduced 443 

to some extent by cool-air advection associated with the sea-breeze.  As a result, the 444 

thermal turbulent motions are weakened and BLH is relatively low in coastal areas 445 

(Figure 9b).  The relatively high daytime BLH over much of the BTH in summer 446 

(Figure 9b) favors the dispersion of pollutants in this region during the day (Figures 447 

10b, 11b). 448 

3.5 Local atmospheric circulations and BL structure during spring 449 

In spring, the prevailing synoptic winds over the BTH region are northwesterly, 450 

much like in the fall and winter (Figures 2a, 2c, and 2d).  BL processes and structure 451 

during spring, however, are different from those during fall and winter (Figures 17, 18, 452 

19). Compared to other seasons, the synoptic forcing indicated by the wind at ~3 km 453 

AGL during the spring (Figures 17a, 17e) is stronger than that of summer and fall 454 

(Figures 17b, 17c, 17f and 17g), but weaker than that of winter (Figures 17d, 17h).  455 

It is interesting that even though the synoptic wind in spring is weaker than that of 456 
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winter, the BL wind in spring is stronger than that of winter (Figures 17e, 17h).  457 

Such wind speed differences between spring and winter are consistent with the 458 

seasonal mean wind difference derived from the ERA-interim data during the past 459 

three decades (not shown).  The strong BL wind in spring seen in this study is 460 

consistent with previous studies [e.g., Liu et al., 2009a; Zhang, 2015a; Zhao et al., 461 

2009; and Guo et al., 2011], which report that the strongest surface winds in the BTH 462 

region occur during the spring. 463 

The distinct differences in vertical distribution of wind speeds between spring and 464 

winter can be explained by the impacts of different atmospheric stability on 465 

downward transport of free tropospheric momentum.  In winter, as discussed earlier, 466 

a strong inversion layer forms over the BL in the presence of weak solar radiation 467 

(Figure 14), inhibiting the downward transport of free tropospheric momentum.  As 468 

a result, the wintertime BL is effectively decoupled from the free troposphere (Figure 469 

17h).  Due to a similar mechanism, wintertime BL/free troposphere decoupling has 470 

been reported to occur in many places, including the Colorado Plateau [Bana and 471 

Cotton, 1981; Whiteman et al., 1999], the Cascade Mountains of Oregon [Daly et al., 472 

2010] in United States, and Scott Base in Antarctica [Sinclair, 1988].  During spring, 473 

in the presence of relatively stronger solar radiation and surface sensible heat flux 474 

(Figure S1), the stability above the BL is substantially reduced (Figures 14, 19).  As 475 

a result, free tropospheric momentum is actively transported downward into the BL 476 

(Figure 17), leading to an annual maximum in surface wind speed, as reported in 477 

previous studies [e.g., Liu et al., 2009a; Zhang, 2015a; Zhao et al., 2009; and Guo et 478 
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al., 2011].  In the presence of strong mechanical forcing in the BL, the sea-breeze 479 

circulation is confined to the eastern coastal area (Figure 18), while the MPC does not 480 

develop on the western side of the BTH region (Figures 17e, 19). 481 

Due to the strong wind shear associated with the strong mechanical forcing above 482 

the surface, the BLH over the whole BTH region increases to as much as ~2.5 km 483 

during the daytime in spring (Figures 8a, 9a).  The high BLH and strong BL wind 484 

over the BTH region in spring favor the dispersion of locally emitted pollutants 485 

(Figures 10a, 11a).  Pollutants emitted in the BTH may be advected over the Bohai 486 

Sea by the northwesterly synoptic wind in the evening and morning, but they may be 487 

recycled and accumulated in the narrow coastal region in the afternoon in the 488 

presence of confined sea-breeze circulation (Figures S6a-b).  On the other hand, the 489 

strong northwesterly wind may promote lofting of dust from the Gobi Desert (Figure 490 

1a) when the seasonal soil moisture is low in spring, and subsequent transport of the 491 

lofted dust into the BTH region [Zhao et al., 2007; Sun et al., 2000; Xie et al., 2005]. 492 

 493 

4. Conclusions and discussion 494 

In this study, the seasonal variation of local atmospheric circulations and BL 495 

structures and its impacts on air quality in the BTH region are examined using four 496 

idealized WRF-Chem tracer simulations with meteorological conditions initialized 497 

using seasonally-averaged analyses and laterally forced by seasonally averaged 498 

analyses every 6 h (thus including diurnal variations).  This configuration mitigates 499 

the effects of transient synoptic forcing originating upstream of the model domain, 500 
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allowing the simulations to capture the diurnal cycle of seasonal mean BL processes 501 

and structures in the absence of transient synoptic disturbances.  The simulation 502 

results illustrate how seasonal variations of thermal conditions and synoptic patterns 503 

significantly modulate BL processes/structure, and air quality subsequently. 504 

In fall, during the afternoon, differential heating between the mountains (warmer) 505 

and plains (relatively cooler) in the presence of relatively weak northwesterly 506 

synoptic forcing leads to a prominent mountain-plain breeze circulation (MPC). The 507 

downward motion associated with the MPC, together with the warm advection from 508 

the mountains, suppresses BL development over the western plains of the BTH region. 509 

On the eastern side of the BTH region, due the thermal contrast between the land 510 

(warm) and sea (cool), a sea-breeze circulation develops late in the morning and 511 

grows in the afternoon. The sea-breeze front lift the BL top as high as ~2 km over 512 

Tianjin during the afternoon. At night during the fall, a cool air pool forms in the 513 

western plains of the BTH region in the presence of a downslope mountain breeze.  514 

This cool air pool persists until the next morning and slows the development of the 515 

daytime convective BL.  These typical BL processes in fall exacerbate local air 516 

pollution in the western part of the BTH region (e.g., Beijing), and must be partially 517 

responsible for the frequent occurrence of air pollution events in fall in this region. 518 

In summer, in the presence of southeasterly BL prevailing wind, intense solar 519 

radiation, the sea-breeze front penetrates inland as far as ~150 km, while the 520 

horizontal scale of MPC cell is reduced comparing to fall due to the perturbation by 521 

vigorous turbulent eddies over the mountains and plains. 522 
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In spring and winter the region experiences strong northwesterly synoptic winds; 523 

during these seasons, the sea-breeze circulation is confined in the coastal area and the 524 

MPC is suppressed. The BLH is low in winter due to strong near-surface stability; in 525 

spring the BL grows quite high due to strong mechanical forcing.  In winter, low 526 

BLH throughout the day favors the occurrence of heavy regional haze pollution. 527 

As a result of the seasonal variation of the BL processes and structures mentioned 528 

above, the daytime BLH over most of the BTH region follows a downward trend from 529 

spring to winter, i.e., spring > summer > fall > winter, leading to the best dispersion 530 

condition in spring and worse dispersion condition in fall and winter. 531 

The new knowledge of seasonal variations of BL processes/structures and 532 

dispersion conditions obtained during this study has important implications for better 533 

identifying the essential meteorological factors for pollution episodes, and for 534 

forecasting air pollution in the BTH region.  This study suggests that, when 535 

investigating air pollution in this region, local atmospheric circulations and their 536 

impacts on BL structure should be carefully considered alongside other 537 

meteorological and chemical factors. 538 

Although the important implications of BL processes and structures on seasonal 539 

variation of pollution levels in the BTH region have been emphasized in this study, 540 

the important role of seasonal variations in emissions on modulation of the seasonal 541 

air quality in this region [He et al., 2006; Zhang et al., 2013; Schleicher et al., 2015; 542 

Zhao et al., 2009] cannot be deemphasized. 543 

 544 
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Figure captions 893 

Figure 1. (a) Map of model domains and terrain height (km), (b) tracer (SO2) 894 

emission [Zhang et al., 2009] in domain 1, and (c) land use categories in domain 3. 895 

The locations of observation sites from the National Climatic Data Center (NCDC) 896 

data are indicated by black dots in (a).  The black line in (c) indicates the location of 897 

vertical cross sections shown in Figures 6, 7, 11, 12, 14, 16, 17, 19, which crosses 898 

Beijing (BJ), Langfang (LF) and Tianjin (TJ). The location of BTH region is marked 899 

by red solid lines in (a) and (b). 900 

Figure 2. The seasonally averaged geopotential height (GH) fields overlaid by the 901 

wind vectors at 850-hPa in domain 1 in (a) Spring, (b) Summer, (c) Fall, and (d) 902 

Winter. The seasonally averaged geopotential height fields are derived by averaging 903 

all the NCEP FNL analysis (includes 4 times a day) in each season of 2010. The 904 

location of BTH region is marked by the red solid lines.  905 

Figure 3. Spatial distribution of 2-m temperature fields (K) over land at 1400 LT in (a) 906 

Spring, (b) Summer, (c) Fall, and (d) Winter in domain 1 simulated by the four 907 

idealized simulations. Seasonal mean observations from the NCDC data are overlaid 908 

using colored circles. 909 

Figure 4. Similar as Figure 3, but for the 2-m relative humidity (RH) fields at 1400 910 

LT in (a) spring, (b) summer, (c) fall, and (d) winter. 911 

Figure 5. Spatial distribution of simulated (a-d) wind speed (WS), (e-h) vertical 912 

velocity (w), (i-l) relative humidity (RH), and (m-p) potential temperature (PT) fields 913 

at ~125 m AGL, overlaid with 10-m wind vector at (top to bottom) 1200 LT, 1500 LT, 914 
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1700 LT, and 2000 LT in fall. The black line in (e-h) indicates the locations of 915 

vertical cross sections shown in Figures 6, 7, 11, 12, 14, 16, 17, 19. 916 

Figure 6. Vertical cross sections of simulated wind field at (a) 1200 LT, (b) 1500 LT, 917 

(c) 1700 LT, and (d) 2000 LT in fall. The location of the cross section is marked in 918 

Figure 4e. The color shape represents the vertical velocity (w). The pink dashed line 919 

represents the top of BL. Note that the vertical velocity is multiplied by a factor of 20 920 

when plotting wind vectors. The locations of sea and urban areas are indicated by the 921 

blue and red lines, respectively. 922 

Figure 7. Similar as Figure 6, but for the vertical cross sections of potential 923 

temperature (PT) in fall. The three black lines in (b) indicate the locations where the 924 

potential temperature profiles shown in Figure 8 are extracted. 925 

Figure 8. The potential temperature (PT) profiles at 1500 LT over Beijing (BJ), 926 

Tianjin (TJ) and Langfang (LF) in (a) Spring, (b) Summer, (c) Fall, and (d) Winter. 927 

The locations of the three sites are indicated in Figure 7b by the black lines. 928 

Figure 9. The distribution of BLH (m) at 1500 LT in (a) Spring, (b) Summer, (c) Fall, 929 

and (d) Winter. The two dashed lines in (c) indicate the zone with relatively low BLH 930 

in fall. 931 

Figure 10. The distributions of simulated tracer (SO2) at the lowest vertical layer (~10 932 

m AGL), overlaid with 10-m wind vector fields at 1500 LT in (a) spring, (b) summer, 933 

(c) fall, and (d) winter. 934 

Figure 11. The vertical cross sections of tracer (SO2) at 1500 LT in (a) spring, (b) 935 

summer, (c) fall, and (d) winter. Note that the vertical velocity is multiplied by a 936 
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factor of 20 when plotting wind vectors. 937 

Figure 12. The vertical cross sections of potential temperature (PT) at (a) 0000 LT, (b) 938 

0400 LT, (c) 0600 LT and (d) 1000 LT in fall. Note that the vertical velocity is 939 

multiplied by a factor of 20 when plotting wind vectors. 940 

Figure 13. Spatial distribution of simulated (a-d) vertical velocity (w), and (e-h) 941 

relative humidity (RH) at ~125 m AGL, overlaid with 10-m wind vector at (top to 942 

bottom) 1200 LT, 1500 LT, 1700 LT, and 2000 LT in winter. 943 

Figure 14. The vertical cross sections of potential temperature (PT) at (a) 1200 LT, (b) 944 

1500 LT, (c) 1700 LT, and (d) 2000 LT in winter. Note that the vertical velocity is 945 

multiplied by a factor of 20 when plotting wind vectors.. 946 

Figure 15. Similar as Figure 13, but for summer. 947 

Figure 16. The vertical cross sections of potential temperature (PT) at (a) 1200 LT, (b) 948 

1500 LT, (c) 1700 LT, and (d) 2000 LT in summer. Note that the vertical velocity is 949 

multiplied by a factor of 20 when plotting wind vectors. 950 

Figure 17. The vertical cross sections of horizontal wind speed (WS) at (a-d) 0600 LT 951 

and (e-h) 1500 LT in (left to right) spring, summer, fall, and winter. Note that the 952 

vertical velocity is multiplied by a factor of 20 when plotting wind vectors. 953 

Figure 18. Similar as Figure 13, but for spring. 954 

Figure 19. The vertical cross sections of potential temperature (PT) at (a) 1200 LT, (b) 955 

1500 LT, (c) 1700 LT, and (d) 2000 LT in spring. Note that the vertical velocity is 956 

multiplied by a factor of 20 when plotting wind vectors. 957 
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