
Atmos. Chem. Phys., 20, 5899–5909, 2020
https://doi.org/10.5194/acp-20-5899-2020
© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Integrated impacts of synoptic forcing and aerosol radiative
effect on boundary layer and pollution in the
Beijing–Tianjin–Hebei region, China
Yucong Miao1, Huizheng Che1, Xiaoye Zhang1, and Shuhua Liu2

1State Key Laboratory of Severe Weather & Key Laboratory of Atmospheric Chemistry of CMA,
Chinese Academy of Meteorological Sciences, Beijing 100081, China
2Department of Atmospheric and Oceanic Sciences, School of Physics, Peking University, Beijing 100871, China

Correspondence: Huizheng Che (chehz@cma.gov.cn) and Xiaoye Zhang (xiaoye@cma.gov.cn)

Received: 1 November 2019 – Discussion started: 2 December 2019
Revised: 23 March 2020 – Accepted: 14 April 2020 – Published: 18 May 2020

Abstract. Rapid urbanization and industrialization have led
to deterioration of air quality in the Beijing–Tianjin–Hebei
(BTH) region due to high loadings of PM2.5. Heavy aerosol
pollution frequently occurs in winter, in close relation to
the planetary boundary layer (PBL) meteorology. To un-
ravel the physical processes that influence PBL structure and
aerosol pollution in BTH, this study combined long-term
observational data analyses, synoptic pattern classification,
and meteorology–chemistry coupled simulations. During the
winter of 2017 and 2018, Beijing and Tangshan often ex-
perienced heavy PM2.5 pollution simultaneously, accompa-
nied by strong thermal inversion aloft. These concurrences of
pollution in different cities were primarily regulated by the
large-scale synoptic conditions. Using principal component
analysis with geopotential height fields at the 850 hPa level
during winter, two typical synoptic patterns associated with
heavy pollution in BTH were identified. One pattern is char-
acterized by a southeast-to-north pressure gradient across
BTH, and the other is associated with high pressure in east-
ern China. Both synoptic types feature warmer air tempera-
ture at 1000 m a.g.l., which could suppress the development
of the PBL. Under these unfavorable synoptic conditions,
aerosols can modulate PBL structure through the radiative ef-
fect, which was examined using numerical simulations. The
aerosol radiative effect can significantly lower the daytime
boundary layer height through cooling the surface layer and
heating the upper part of the PBL, leading to the deteriora-
tion of air quality. This PBL–aerosol feedback is sensitive to
the aerosol vertical structure, which is more effective when

the synoptic pattern can distribute more aerosols to the upper
PBL.

1 Introduction

The Beijing–Tianjin–Hebei (BTH) region is the national cap-
ital region of China and covers an area of ∼ 217 156 km2

on the North China Plain. During the last few decades,
BTH has experienced prosperous economic growth and in-
tensive urban expansion and has become one of most devel-
oped and populous regions in China. Along with the tremen-
dous development, pollution events with massive amounts
of PM2.5 (airborne particles with aerodynamic diameter less
than 2.5 µm) frequently occur in BTH, due primarily to high
emissions of pollutants (Cheng et al., 2016; Geng et al., 2017;
Zhang et al., 2013).

The fate of emitted pollutants is largely governed by the
planetary boundary layer (PBL) (Garratt, 1994; Miao and
Liu, 2019; Oke, 2002; Stull, 1988), which is the region of
the lower troposphere and strongly influences the vertical
exchanges of heat, moisture, and matter between the sur-
face and free troposphere (Baklanov et al., 2011; Miao et
al., 2019a; Stull, 1988). In the vertical dimension, the inten-
sity of thermal buoyancy is controlled by the thermal strat-
ification and the strength of mechanical turbulence is deter-
mined by the surface roughness and the PBL wind. Together
these thermal and mechanical PBL processes determine the
vertical dispersion and dilution of pollutants and the air re-
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placement from upper levels (Miao et al., 2019a; Oke, 2002;
Stull, 1988). Thereby, the depth of the PBL, also known as
the boundary layer height (BLH), has been extensively uti-
lized to characterize the atmospheric environmental capacity
and the dilution volume of pollutants (Stull, 1988; Seidel et
al., 2010; Hu et al., 2014; Miao et al., 2015).

Through observational experiments and numerical sim-
ulations, the connections between PBL characteristics and
aerosol pollution in BTH have been investigated (e.g., Miao
et al., 2019b; Quan et al., 2013; H. Wang et al., 2018; Ye et
al., 2016; Zhong et al., 2017, 2018). The heavy PM2.5 pollu-
tion events in BTH typically occur under stagnant situations
with shallow PBL (Ye et al., 2016; Zhong et al., 2017, 2018).
On a seasonal basis, the heaviest aerosol pollution in BTH
occurs in winter, which is not only ascribed to the seasonal
changes in emissions and precipitation but also the shifts in
the BLH (Miao et al., 2015, 2018b). With mountains and seas
surrounding it (Fig. 1), the PBL process, structure, and pol-
lution level in BTH are usually impacted by the geographical
forcings (Chen et al., 2009; Hu et al., 2014, 2016; Miao et
al., 2015, 2016, 2017b). Due to the blocking effects of moun-
tains, the momentum exchanging processes between the PBL
and the upper free troposphere could be repressed dynami-
cally (Miao et al., 2018; X. Wang et al., 2018). Moreover,
the local thermal gradient between the mountains and plains
or land and sea can bring on closed circulation systems and
modify the near-surface winds and thermal inversion inten-
sity, leading to the recirculation and accumulation of pollu-
tants (Chen et al., 2009; Miao et al., 2015, 2017b, 2019a).

In addition to these local-scale surface factors and pro-
cesses (e.g., friction, thermally induced wind systems, heat
fluxes), the large-scale synoptic pattern (e.g., transient sys-
tems, thermal advection) plays a role in supplying the fore-
most driving for the day-to-day variations in BLH and pollu-
tion (Hu et al., 2014; Miao et al., 2019b; Stull, 1988; Zhang
et al., 2016). Based on the 850 hPa geopotential height (GH)
data from 1980 to 2013, Zhang et al. (2016) elucidated the
potential linkages between East Asian Monsoon, synoptic
condition, and air pollution in the North China Plain. They
found that the stagnant weather condition with southerly and
westerly winds would worsen the air quality in the North
China Plain, and the occurrence of stagnant conditions was
relevant to the inter-annual and inter-decadal variability of
monsoon. The regional transport of pollutants induced by
the large-scale synoptic condition is critical to the air quality
(Zhang et al., 2019). Although previous studies have recog-
nized the importance of synoptic pattern and PBL meteorol-
ogy for the aerosol pollution in BTH, most of them focused
on the short-term episodes or a specific city (e.g., Miao et
al., 2019b; Quan et al., 2013; Tie et al., 2015; Wang et al.,
2019; Zhong et al., 2017). More investigations are warranted
concerning (1) the typical synoptic patterns and (2) their im-
pacts on the PBL characteristics and vertical distribution of
aerosols in BTH. These aspects are yet to be clearly known,
partly due to the absence of continuous PBL observations.

In this study, the link among synoptic condition, PBL struc-
ture, and aerosol pollution in BTH will be examined using
long-term radiosonde measurements collected in Beijing and
Tangshan (Fig. 1b): one close to the mountains and the other
adjacent to the Bohai Sea.

On the other hand, during the heavy pollution events, the
light-absorbing aerosols can cause the upper layer of the PBL
to be relatively warm (Ding et al., 2016), and the massive
aerosols can intensify the PBL stability through scattering
the solar radiation, which can lower the BLH and deterio-
rate the pollution (Miao et al., 2019a; Quan et al., 2013; Sun
et al., 2019; Wang et al., 2019; Zhong et al., 2017, 2018).
For instance, the unfavorable PBL meteorology and the feed-
back of aerosol were together found to be responsible for
∼ 84 % of the explosive growth of PM2.5 concentration in
Beijing during December 2016 (Zhong et al., 2017). The ra-
diative effect of black carbon on PBL is quite sensitive to the
vertical distribution of aerosols, which is also modulated by
the synoptic pattern (Z. Wang et al., 2018). Considering that
the large-scale synoptic forcing is the first-order meteorolog-
ical driving factor for the pollution formation and dissipa-
tion, it would be necessary to examine the impacts of aerosol
radiative effect on BLH on the basis of synoptic analyses.
Thus, this study will objectively classify the synoptic patterns
over BTH during the winter of 2017 to 2018 and will then
evaluate the integrated impacts of aerosol radiative effect on
PBL structure under typical synoptic conditions using the
meteorology–chemistry coupled simulations. The combina-
tion of large-scale synoptic analyses and numerical simula-
tions allows us to understand the complicated meteorology–
aerosol interaction in BTH within an integrated framework.

2 Data and methods

2.1 Data and synoptic classification

The aerosol pollution levels in BTH are indicated by the
hourly measurements of PM2.5 mass concentration from
2017 to 2018 in Beijing and Tangshan (Fig. 1b). For each
studied city, there are three PM2.5 monitoring sites (illus-
trated by red crosses in Fig. 1b) carried out by the China Na-
tional Environmental Monitoring Center (CNEMC). Aside
from this, the radiosonde measurements in Beijing and Tang-
shan were collected to elucidate the complex associations be-
tween PBL meteorology and aerosol pollution. The sound-
ing stations (illustrated by green triangles in Fig. 1b) are
equipped with the L-band radiosonde system (Miao and Liu,
2019), which can provide the vertical profiles of pressure,
moisture, air temperature, and wind with a fine resolution (∼
10 m). The sounding balloons are conventionally launched at
08:00 and 20:00 Beijing time (BJT) each day. In addition,
the surface meteorological observations (illustrated by black
dots in Fig. 1b) were also obtained.
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Figure 1. (a) Map of terrain height in the simulation domain; the approximate location of the Beijing–Tianjin–Hebei (BTH) region is denoted
by the black rectangle. (b) The locations of surface meteorological stations and air quality monitoring stations in Beijing (BJ) and Tangshan
(TS) are marked by the black dots and the red crosses, respectively. The sounding sites are denoted by the green triangles.

Figure 2. Time series of observed PM2.5 concentration from
1 November to 31 December in 2017 in (a) Beijing and Tang-
shan. (b, c) Vertical structure of potential temperature (PT) derived
from the sounding data at 20:00 BJT. Four heavy pollution episodes
with maximum daily PM2.5 concentrations greater than 100 µg m−3

in both Beijing and Tangshan are marked by the grey shading in
Fig. 2a.

To unravel the predominant synoptic conditions related to
the heavy aerosol pollution in BTH, the 850 hPa geopotential
height (GH) fields were analyzed, which were extracted from
the National Centers for Environmental Prediction (NCEP)
global Final (FNL) reanalysis. The studied region was cen-
tered over BTH, covering an area of 29–49◦ N in latitude
and 106–126◦ E in longitude (Fig. 1a); this is also the re-
gion used in the meteorology–chemical coupled simulations.
Using T-mode principal component analysis (T-PCA) (Huth,
1996; Miao et al., 2017a; Philipp et al., 2014), the domi-

nant synoptic patterns in BTH were objectively classified.
T-PCA has been widely applied to analyze regional air pol-
lution from the synoptic perspective and has been demon-
strated to be a dependable approach to ravel out the influ-
ences of large-scale atmospheric forcing (e.g., Miao et al.,
2017a; Stefan et al., 2010; Zhang et al., 2012). Consider-
ing that the heavy PM2.5 pollution events primarily occurred
during winter (Miao et al., 2018), the daily GH fields in the
winter months (January, February, November, December) of
2017 and 2018 were classified in this study. In total, 240 daily
GH fields were classified.

2.2 Meteorology–chemistry coupled simulations

After identifying the typical polluted synoptic pattern, a typ-
ical pollution episode that occurred from 26 to 31 Decem-
ber in 2017 was selected and simulated using the Weather
Research and Forecasting model coupled with Chemistry
(WRF-Chem) (Grell et al., 2005). The model domain was
centered over BTH and covered most of mainland China with
a horizontal resolution of 17.5 km (Fig. 1a). The model top
was set to the 10 hPa level, and 33 vertical layers were con-
figured below the top. To resolve the PBL structure, 15 ver-
tical layers were set below 2 km a.g.l. For the simulation of
chemical processes, the RADM2-MADE/SORGAM chemi-
cal mechanism (Ackermann et al., 1998; Schell et al., 2001;
Stockwell et al., 1990) was used with the Multi-resolution
Emission Inventory for China (MEIC) of 2016, which is the
most updated and extensively utilized anthropogenic emis-
sion data. The physics parameterization schemes used in
this work included the Noah land surface scheme (Chen and
Dudhia, 2001), the Mellor–Yamada PBL scheme (Nakanishi
and Niino, 2006), the WRF Single-Moment 5 class (WSM5)
scheme (Hong et al., 2004), the Betts–Miller–Janjić cumu-
lus scheme (Janjić, 1994), and the updated rapid radiation
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Figure 3. The 850 hPa geopotential height (GH) fields and wind vector fields for the seven classified patterns. The occurrence frequency of
each synoptic pattern is also given.

scheme considering the aerosol radiative effect (Iacono et al.,
2008). The initial and boundary conditions (IBCs) of mete-
orological parameters were configured using NCEP-FNL re-
analysis, and the IBCs of chemical variables were derived
from the global model output (http://www.acom.ucar.edu/
wrf-chem/mozart.shtml, last access: 5 October 2019).

The simulations using abovementioned configurations are
referred to as the BASE runs, and numerical experiments
that turned off the aerosol radiative option were conducted
to evaluate the impacts of aerosol radiative effect. These
sensitivity experiments are regarded as the EXP runs here-
after. According to the common strategy for the Air Qual-
ity Model Evaluation International Initiative (AQMEII), the
selected pollution episodes were simulated as a sequence
of 4 d time slices (Forkel et al., 2015), including Slice 1
(20:00 BJT 24 December to 23:00 BJT 28 December) and
Slice 2 (20:00 BJT 27 December to 23:00 BJT 31 December).
The first 24 h simulations of each time slice were considered
the spin-up period, and the chemical initial state of each time
slice is adopted from the final state of the previous time slice
if available.

3 Results and discussion

3.1 Linkages between synoptic condition, thermal
stability and PM2.5 pollution

The time series of daily PM2.5 concentrations in Beijing
and Tangshan from 1 November to 31 December in 2017

are shown in Fig. 2a, demonstrating several heavy pollu-
tion episodes in BTH. It is worth noting that Beijing and
Tangshan often experienced heavy pollution simultaneously.
When comparing the observed potential temperature (PT)
profiles in Beijing and Tangshan (Fig. 2b–c), it is clear that
the quick increase (decrease) of PM2.5 concentrations is usu-
ally accompanied by the warming (cooling) of the atmo-
sphere above 1000 m a.g.l. The warming of upper air could
also be observed from the vertical profiles of temperature and
was often accompanied by high relative humidity within the
PBL (Fig. S1 in the Supplement). The concurrence of warm-
ing aloft and increased PM2.5 concentration not only oc-
curred from November to December in 2017 but also in other
winter months during 2017 and 2018 (Figs. S2–S4). Given
that the distance between Beijing and Tangshan is around
150 km, the synchronous change in aerosol concentrations
and the concurrence of strong thermal inversion aloft must
be relevant to certain large-scale synoptic patterns (Miao et
al., 2018). Therefore, it would be necessary to investigate the
PM2.5 pollution and its influencing factors from the point of
view of the synoptic condition.

Based on the 850 hPa daily GH fields in winter from 2017
to 2018, the synoptic conditions were classified using T-
PCA (Fig. 3). There are two dominant synoptic patterns,
i.e., type 1 and type 2, which account for ∼ 70 % of the to-
tal. Synoptic type 1 occurs most frequently (39.6 %). There
is a strong southwest-to-northeast pressure gradient across
BTH, supporting strong northwesterly prevailing winds at
the 850 hPa level (Fig. 3a). The average daily PM2.5 con-
centrations in Beijing and Tangshan under type 1 are 34
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Figure 4. (a) Average PM2.5 concentrations under different synoptic conditions in Beijing and Tangshan, associated (b) thermal differences
(TDs) in PT between 100 and 1000 m, (c) temperature at 1000 m, and (d) relative humidity (RH) at 200 m. The TD equals PT at 1000 m
minus PT at 100 m. The size of the circle represents the occurrence frequency of each synoptic type. All of the meteorological variables
shown are derived from the radiosonde data.

Figure 5. Vertical structure of (a, b) observed and (c, d) simulated
PT and horizontal winds in Beijing and Tangshan from 26 to 31 De-
cember in 2017. The simulated profiles are derived from the BASE
run, and the boundary layer height (BLH) is denoted by the dashed
red lines in (c, d).

and 62 µg m−3, respectively (Fig. 4a). Under synoptic type 2,
which has a southeast-to-north pressure gradient across BTH
at the 850 hPa level, it is the westerly winds that are domi-
nant over BTH (Fig. 3b). The occurrence frequency of type
2 is 30 %, ranking second among all the identified synop-
tic types. The average daily PM2.5 concentrations in Beijing
and Tangshan under the type 2 are significantly higher than
those under type 1 (Fig. 4a), which are 92 and 108 µg m−3,
respectively. Except for these two dominant types, the occur-
rence rate of the other five synoptic types is 30.4 % in total.
Among these five lower-occurrence types, it is worth noting
that synoptic type 4 has the highest average PM2.5 concentra-
tions (135 µg m−3 in Beijing and 106 µg m−3 in Tangshan),
though its occurrence frequency is merely 5.0 % (Figs. 3d
and 4a). Under synoptic type 4, influenced by a high pressure
in eastern China at the 850 hPa level (Fig. 3d), the southerly

prevailing winds can cause regional transport of pollutants
to Beijing and Tangshan (Miao et al., 2017a; Zhang et al.,
2019). To understand the connection between synoptic pat-
tern and PBL structure, the thermal stabilities between 100
and 1000 m a.g.l. are compared (Fig. 4b). Stronger thermal
stabilities are observed under type 2 and type 4, associated
with the warmer air temperature at 1000 m a.g.l. (Fig. 4b–
c), suppressing the development of the PBL (Miao et al.,
2017a; Hu et al., 2014). Additionally, moister air could be
observed within the PBL under these two types (Fig. 4d), fa-
voring the formation of secondary inorganic aerosols (Zhong
et al., 2017 and 2018). Thus, among all the identified pat-
terns, synoptic types 2 and 4 are regarded as the representa-
tive polluted patterns. In the next section, a pollution episode
associated with type 2 and type 4 will be investigated.

3.2 Integrated impacts of synoptic pattern and aerosol
radiative effect during the selected episode

To understand the complicated processes leading to the
heavy pollution under synoptic type 2 and type 4, a pollution
episode that occurred at the end of 2017 was selected and
simulated using WRF-Chem. Figure 5 presents the vertical
structure of simulated PT in Beijing and Tangshan during the
episode. Comparing the observed PT profiles, the warmings
of atmosphere aloft from 27 to 29 December in both Beijing
and Tangshan were well simulated, with correlation coeffi-
cients of 0.91 (p < 0.001) in Beijing and 0.94 (p < 0.001) in
Tangshan. The changes in wind profile in Beijing and Tang-
shan were also accurately reproduced, with correlation coef-
ficients greater than 0.64 for both the zonal and meridional
winds. In Fig. 6, the simulated near-surface temperature, rel-
ative humidity, and PM2.5 concentration are validated against
the observations. Although discrepancies exist, the simulated
temperature, humidity, and PM2.5 all demonstrate rationally
good agreement with the observations. Aside from this, com-
paring the simulations with an aerosol radiative effect to
those without one, the former presents higher PM2.5 concen-
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Figure 6. Time series of observed and simulated (a, b) 2 m temper-
ature, (c, d) 2 m RH, and (e, f) PM2.5 concentration in (a, c, e) Bei-
jing and (b, d, f) Tangshan from 26 to 31 December in 2017. The
simulations of the BASE run are denoted with blue lines, and those
of the EXP run are denoted in red lines. The correlation coefficients
(R) between the observations and simulations are also given for
each panel.

trations, lower temperatures, and higher humidities, resulting
in higher correlation coefficients with observations (Fig. 6).
Overall, the good model performances (Figs. 5–6) provide a
solid basis to utilize the simulation results to elucidate the
physical mechanisms underlying the pollution episode.

Based on the model output, the BLH is estimated as the
height where the PT first surpasses the minimum PT below
by 1.5 K (Nielsen-Gammon et al., 2008; Seidel et al., 2010).
The same BLH derivation method has been widely employed
in previous PBL studies (e.g., Hu et al., 2014; Miao and Liu,
2019; Nielsen-Gammon et al., 2008), which can explicitly
manifest the influences of thermal stability. Figure 5 shows
the time series of simulated BLH in Beijing and Tangshan.
The warmings of upper air can suppress the daytime BLH on
27 December under synoptic type 4 and on 28–29 Decem-
ber under synoptic type 2 (Figs. 5 and 7a–b). On 27 Decem-
ber, influenced by the southwesterly winds, the warmer air
mass could be brought to BTH (Fig. 7d), enhancing the ther-
mal stability and restraining the growth of the PBL (Fig. 8a).
The southwesterly prevailing winds can transport the pollu-
tants emitted from upstream plain regions to BTH and further
worsen the air quality (Figs. 8d and 9a). Following this, the
synoptic condition transitioned to type 2 on 28–29 Decem-
ber, and the strong thermal inversion and shallow PBL situ-
ation in BTH could last until the outbreak of cold advection
on 30 December (Figs. 6, 7 and 8). As shown in Fig. 8a–c,
the average BLH in BTH was suppressed to less than 250 m
under synoptic type 4 and type 2 from 27 to 29 December
and then increased to 500 m from 30 to 31 December. As a
result, massive aerosols were accumulated in the plains of
BTH from 27 to 29 December (Figs. 8e and 9b).

During those heavily polluted days, the suspended
aerosols may also modify the PBL structure in BTH to some
extent (Gao et al., 2015; Z. Wang et al., 2018; Miao et al.,
2019a; Zhong et al., 2018). As the aerosols reduce the so-
lar radiation reaching the ground, the development of the
PBL could be suppressed, particularly during the daytime.
As shown in Fig. 9c–d, the aerosol radiative effect can im-
pose significant negative perturbations on the daytime BLH.
On average, the daytime BLH in the plains decreased by 84 m
(15 %) on 27 December and 93 m (18 %) on 28–29 Decem-
ber and increased the ground-level PM2.5 concentrations by
4.3 and 9.0 µg m−3, respectively (Fig. 9e–f). The feedback
on PM2.5 was more prominent in the regions with higher
concentrations, where the ground-level PM2.5 concentration
could increase by 20 µg m−3 during the daytime (Fig. 9e–f).
Comparing the induced BLH perturbations on 27 December
with those on 28–29 December, the decrease in BLH was
more significant on 28–29 December, which may be caused
by the larger amount of aerosols suspended within the PBL
on 28–29 December (Fig. 9a–b).

On the other hand, the synoptic condition can also mod-
ulate the sensitivity of PBL–aerosol feedback through in-
fluencing the vertical distribution of aerosols (Z. Wang et
al., 2018). To elucidate the link among synoptic types and
aerosol vertical structures, we examined a south-to-north
cross section of PT and PM2.5 cutting through the most pol-
luted region in BTH (Fig. 10). Influenced by the southerly
warm advection under synoptic type 4, the lower troposphere
had a stronger thermal stratification on 27 December than
on 28–29 December under synoptic type 2 (Figs. 10a–b and
11a), leading to more aerosols in the lower PBL on 27 De-
cember (Fig. 10c–d). By contrast, the aerosols can be dis-
tributed more evenly in the vertical direction on 28–29 De-
cember under synoptic type 2. Figure 11b presents the aver-
age vertical profiles of PM2.5 concentration along the cross
section between 38 and 39◦ N, in which the total amounts of
PM2.5 were almost the same on 27 and 28–29 December, but
they were distributed distinctly. With more aerosols at the up-
per levels under synoptic type 2 on 28–29 December, the day-
time aerosol radiative feedback on the PBL thermal structure
was enhanced (Figs. 10e–f and 11c). Since solar radiation is
more intense at the upper levels, the elevated aerosol layer
can absorb more solar radiation and strengthen the thermal
stratification more effectively (Z. Wang et al., 2018; Huang
et al., 2018). Thus, compared with synoptic type 4, type 2
can be more conducive for aerosol radiative feedback.

4 Conclusions

To elucidate the link among synoptic forcing, PBL structure,
and aerosol pollution in BTH, this study combined long-
term observational data analyses, synoptic classification, and
meteorology–chemistry coupled simulations. On the basis of
the wintertime PM2.5 measurements and radiosonde data in
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Figure 7. Simulated 850 hPa (a–c) GH and (d–f) PT fields on 27, 28–29, and 30–31 December, overlaid with the wind vectors. The regions
with terrain higher than the 850 hPa level are marked by the grey shading.

Figure 8. Spatial patterns of simulated (a–c) BLH and (d–f) 900 hPa PM2.5 concentration and wind vectors over the plains of BTH from 27
to 31 December in 2017. The mountainous regions are denoted by the grey shading.
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Figure 9. Spatial distribution of simulated (a, b) near-surface PM2.5 concentration, wind, and the perturbations induced by the aerosol
radiative effect on (c, d) BLH and (e, f) PM2.5 in the plains of BTH from 09:00 to 16:00 BJT on (a, c, e) 27 December and (b, d, f) 28–
29 December. The black line in Fig. 9a indicates the locations of vertical sections shown in Fig. 10.

Figure 10. Vertical cross sections of simulated (a, b) PT, (c, d) PM2.5 concentration, and (e, f) concentration perturbations induced by the
aerosol radiative effect from 09:00 to 16:00 BJT on (a, c, e) 27 December and (b, d, f) 28–29 December . The locations of cross sections
are indicated by the black lines in Fig. 9. In (e, f), the BLH of the BASE run is denoted by the black lines and the BLH of the EXP run is
denoted by the red lines. Note that the vertical velocity is multiplied by a factor of 10 when plotting the wind vectors. The dashed vertical
lines indicate the regions used to derive the profiles of PT and PM2.5 concentration shown in Fig. 11.

Beijing and Tangshan from 2017 to 2018, the relationships
between PBL structure and aerosol pollution were examined.
It was found that both cities often experienced high PM2.5
concentrations simultaneously, which was typically accom-
panied by strong thermal inversion aloft. The concurrence of
heavy pollution in Beijing and Tangshan was regulated by the
large-scale synoptic forcings. Using T-PCA with the 850 hPa
daily GH fields during winter, two typical synoptic patterns

relevant to the heavy pollution in Beijing and Tangshan were
identified. One is characterized by a southeast-to-north pres-
sure gradient across BTH at the 850 hPa level, leading to
westerly prevailing winds over BTH. The other is associated
with the high pressure in eastern China and southerly prevail-
ing winds over BTH. These two types both feature warmer
air temperatures at 1000 m a.g.l., which can significantly sup-
press the development of the PBL.
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Figure 11. Average vertical profiles of simulated (a) PT, (b) PM2.5 concentration, and (c) PT perturbations induced by the aerosol radiative
effect from 09:00 to 16:00 BJT on 27 December (in blue) and 28–29 December (in red), derived from the simulations between 38 and 39◦ N
along the cross section shown in Fig. 10. In (a) the TD is calculated as the PT difference between 100 and 1000 m. In (b), the dashed lines
indicate the mean PM2.5 concentrations below 3000 m a.g.l. on 27 December (in blue) and 28–29 December (in red).

Under these unfavorable synoptic conditions, the aerosols
suspended in the atmosphere can modulate the PBL struc-
ture. A pollution episode at the end of 2017 associated with
these typical synoptic types was simulated using the WRF-
Chem by turning the aerosol radiative option on and off. The
simulation results indicated that the aerosol radiative effect
can significantly lower the daytime BLH by cooling the sur-
face layer and heating the upper part of the PBL. Therefore,
more aerosols could be accumulated in the lower portion
of the PBL. These PBL–aerosol feedbacks are sensitive to
the aerosol vertical structure, and this effect is greater when
the synoptic pattern can distribute more aerosols to the up-
per PBL. Finally, although this study highlights the impor-
tant roles of multi-scale physical processes in relation to the
aerosol pollution in BTH, the chemical mechanisms and pro-
cesses should also not be deemphasized.

Data availability. The reanalysis data can be downloaded from
https://rda.ucar.edu/datasets/ds083.2/ (National Center for Atmo-
spheric Research, 2019). The meteorological data in BTH are
available from the China Meteorological Administration (http://
data.cma.cn/, China Meteorological Administration, 2019), and the
PM2.5 data can be obtained from the CNEMC (http://www.cnemc.
cn/, China National Environmental Monitoring Center, 2019). The
model data are available by request (chehz@cma.gov.cn).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/acp-20-5899-2020-supplement.

Author contributions. Development of the ideas and concepts be-
hind this work was performed by all the authors. Model execution,
data analysis, and paper preparation were performed by YM and
HC with feedback and advice from XZ and SL.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The authors would like to acknowledge the Ts-
inghua University for the support of emission data.

Financial support. This research has been supported by the Na-
tional Natural Science Foundation of China (grant nos. 41705002
and 41825011), the Beijing Natural Science Foundation (grant no.
8192054), and the Atmospheric Pollution Control of the Prime Min-
ister (grant no. DQGG0106).

Review statement. This paper was edited by Jianping Huang and
reviewed by two anonymous referees.

References

Ackermann, I. J., Hass, H., Memmesheimer, M., Ebel, A.,
Binkowski, F. S., and Shankar, U.: Modal aerosol dynam-
ics model for Europe, Atmos. Environ., 32, 2981–2999,
https://doi.org/10.1016/S1352-2310(98)00006-5, 1998.

Baklanov, A. A., Grisogono, B., Bornstein, R., Mahrt, L., Zilitinke-
vich, S. S., Taylor, P., Larsen, S. E., Rotach, M. W., and Fer-
nando, H. J. S.: The nature, theory, and modeling of atmospheric
planetary boundary layers, B. Am. Meteorol. Soc., 92, 123–128,
https://doi.org/10.1175/2010BAMS2797.1, 2011.

Chen, F. and Dudhia, J.: Coupling an Advanced Land Surface–
Hydrology Model with the Penn State–NCAR MM5 Mod-
eling System, Part I: Model Implementation and Sensitivity,
Mon. Weather Rev., 129, 569–585, https://doi.org/10.1175/1520-
0493(2001)129<0587:CAALSH>2.0.CO;2, 2001.

Chen, Y., Zhao, C., Zhang, Q., Deng, Z., Huang, M.,
and Ma, X.: Aircraft study of Mountain Chimney effect

https://doi.org/10.5194/acp-20-5899-2020 Atmos. Chem. Phys., 20, 5899–5909, 2020

https://rda.ucar.edu/datasets/ds083.2/
http://data.cma.cn/
http://data.cma.cn/
http://www.cnemc.cn/
http://www.cnemc.cn/
https://doi.org/10.5194/acp-20-5899-2020-supplement
https://doi.org/10.1016/S1352-2310(98)00006-5
https://doi.org/10.1175/2010BAMS2797.1
https://doi.org/10.1175/1520-0493(2001)129<0587:CAALSH>2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129<0587:CAALSH>2.0.CO;2


5908 Y. Miao et al.: Impacts of synoptic forcing and aerosol radiative effect on PBL and pollution

of Beijing, China, J. Geophys. Res.-Atmos., 114, 1–10,
https://doi.org/10.1029/2008JD010610, 2009.

Cheng, Z., Luo, L., Wang, S., Wang, Y., Sharma, S., Shimadera, H.,
Wang, X., Bressi, M., de Miranda, R. M., Jiang, J., Zhou, W.,
Fajardo, O., Yan, N., and Hao, J.: Status and characteristics of
ambient PM2.5 pollution in global megacities, Environ. Int., 89,
212–221, https://doi.org/10.1016/j.envint.2016.02.003, 2016.

China Meteorological Administration: The meteorological data in
BTH, available at: http://data.cma.cn/, last access: 21 August
2019.

China National Environmental Monitoring Center: PM2.5 data,
available at: http://www.cnemc.cn, last access: 1 September
2019.

Ding, A. J., Huang, X., Nie, W., Sun, J. N., Kerminen, V.-M., Petäjä,
T., Su, H., Cheng, Y. F., Yang, X.-Q., Wang, M. H., Chi, X.
G., Wang, J. P., Virkkula, A., Guo, W. D., Yuan, J., Wang, S.
Y., Zhang, R. J., Wu, Y. F., Song, Y., Zhu, T., Zilitinkevich,
S., Kulmala, M., and Fu, C. B.: Black carbon enhances haze
pollution in megacities in China, Geophys. Res. Lett., 43, 1–7,
https://doi.org/10.1002/2016GL067745, 2016.

Forkel, R., Balzarini, A., Baró, R., Bianconi, R., Curci, G., Jiménez-
Guerrero, P., Hirtl, M., Honzak, L., Lorenz, C., Im, U., Pérez,
J. L., Pirovano, G., San José, R., Tuccella, P., Werhahn, J.,
and Žabkar, R.: Analysis of the WRF-Chem contributions to
AQMEII phase2 with respect to aerosol radiative feedbacks on
meteorology and pollutant distributions, Atmos. Environ., 115,
630–645, https://doi.org/10.1016/j.atmosenv.2014.10.056, 2015.

Garratt, J.: Review: the atmospheric boundary layer, Earth-Sci.
Rev., 37, 89–134, https://doi.org/10.1016/0012-8252(94)90026-
4, 1994.

Gao, Y., Zhang, M., Liu, Z., Wang, L., Wang, P., Xia, X., Tao,
M., and Zhu, L.: Modeling the feedback between aerosol and
meteorological variables in the atmospheric boundary layer dur-
ing a severe fog-haze event over the North China Plain, At-
mos. Chem. Phys., 15, 4279–4295, https://doi.org/10.5194/acp-
15-4279-2015, 2015.

Geng, G., Zhang, Q., Tong, D., Li, M., Zheng, Y., Wang, S., and
He, K.: Chemical composition of ambient PM2.5 over China
and relationship to precursor emissions during 2005–2012, At-
mos. Chem. Phys., 17, 9187–9203, https://doi.org/10.5194/acp-
17-9187-2017, 2017.

Grell, G. A., Peckham, S. E., Schmitz, R., McKeen, S. A., Frost, G.,
Skamarock, W. C., and Eder, B.: Fully coupled “online” chem-
istry within the WRF model, Atmos. Environ., 39, 6957–6975,
https://doi.org/10.1016/j.atmosenv.2005.04.027, 2005.

Hong, S.-Y., Dudhia, J., and Chen, S.-H.: A Revised Ap-
proach to Ice Microphysical Processes for the Bulk
Parameterization of Clouds and Precipitation, Mon.
Weather Rev., 132, 103–120, https://doi.org/10.1175/1520-
0493(2004)132<0103:ARATIM>2.0.CO;2, 2004.

Hu, X.-M., Ma, Z., Lin, W., Zhang, H., Hu, J., Wang, Y., Xu, X.,
Fuentes, J. D., and Xue, M.: Impact of the Loess Plateau on the
atmospheric boundary layer structure and air quality in the North
China Plain: A case study, Sci. Total Environ., 499, 228–237,
https://doi.org/10.1016/j.scitotenv.2014.08.053, 2014.

Hu, X.-M., Li, X., Xue, M., Wu, D., and Fuentes, J. D.: The Forma-
tion of Barrier Winds East of the Loess Plateau and Their Effects
on Dispersion Conditions in the North China Plains, Bound.-

Lay. Meteorol., 1–19, https://doi.org/10.1007/s10546-016-0159-
4, 2016.

Huang, X., Wang, Z., and Ding, A.: Impact of Aerosol-PBL Inter-
action on Haze Pollution: Multiyear Observational Evidences in
North China, Geophys. Res. Lett., 45, 8596–8603, 2018.

Huth, R.: An intercomparision of computer-assited
circulation classificaiton methods, Int. J. Clima-
tol., 16, 893–922, https://doi.org/10.1002/(SICI)1097-
0088(199608)16:8<893::AID-JOC51>3.0.CO;2-Q, 1996.

Iacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M.
W., Clough, S. A., and Collins, W. D.: Radiative forcing
by long-lived greenhouse gases: Calculations with the AER
radiative transfer models, J. Geophys. Res., 113, D13103,
https://doi.org/10.1029/2008JD009944, 2008.
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