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The feedback between ambient aerosols and planetary boundary layer (PBL) meteorology has been proven to
play a critical role in the enhancement of haze pollution. Vertical distribution of aerosols as well as temperature
stratiﬁcation are vital to understand aerosol – boundary layer interaction (ABI) and its impact on air quality
deterioration. In current regional air quality models, the default vertical grid setting is relatively coarse and
decreases progressively with altitude. However, the ABI is sensitive to aerosol layer at speciﬁc altitudes, i.e.
around the top of PBL. This work aims to explore optimized vertical grid setting for better characterizing ABI and
its role in air quality degradation. A single column model (SCM) is used for sensitivity tests considering the
balance between model performance and computational cost. This optimized grid setting is then applied in
three-dimensional air quality modelling in eastern China. Compared with default conﬁguration, the optimized
one is demonstrated to perform much better in characterizing temperature stratiﬁcation and extreme ﬁne particle (PM2.5) concentration as well as its diurnal variation during haze episodes. Speciﬁcally, the averaged decrease in PBL height and increment in surface PM2.5 concentration are about 5% and 20% while applying
optimized setting, thereby reducing the mean bias from 30 to 5 μg/m3 in PM2.5 concentration. The improvements could be attributed mainly to more accurate proﬁles of aerosol and its heating eﬀect, and thus stabilized
lower atmosphere. The optimization of vertical grid setting could be applied to areas with high concentration of
absorbing aerosols such as eastern China and India, which could help better predict extreme near-surface pollution episodes.

1. Introduction
Eastern China has been suﬀering from heavy and frequent winter
haze pollution that features concentrated ambient ﬁne particles in the
past two decades, arousing deep concern in scientiﬁc community for its
adverse impacts on many aspects (Chan and Yao, 2008; Ding et al.,
2016; Gao et al., 2016; Ji et al., 2014; Zhang et al., 2016). The extremely large loadings of ﬁne particulate matter (PM2.5) leads to the
deterioration of regional visibility and exerts adverse eﬀects on human
health as well as ecosystem (Kim et al., 2015). Moreover, high-concentration aerosols in the atmosphere have been found to substantially
modify the radiation energy budget of the earth-atmosphere system
through both direct light extinction and indirectly serving as cloud
condensation nuclei (CCN) (IPCC, 2013). This perturbation and reallocation in energy budget between the land surface and the atmosphere would inevitably lead to modiﬁcations in atmospheric dynamics

at regional and even global scale (Ding et al., 2016; Meehl et al., 2008;
Menon et al., 2002; Qiu et al., 2017; Yu, 2002).
A number of studies have revealed that planetary boundary layer
(PBL) processes play an important role in haze aggravation by inﬂuencing the vertical diﬀusion and dispersion of aerosol particles (Ding
et al., 2013, 2016; Hu et al., 2014b; Miao et al., 2017; Ye et al., 2016).
Further, radiatively-active aerosols in turn could interact with solar
radiation and trigger a positive feedback between PBL and ﬁne particle
pollution, which has been deﬁned as Aerosol – Boundary layer Interaction (ABI) (Ding et al., 2016; Huang et al., 2018; Quan et al., 2013;
Wang et al., 2015a, 2018). To be speciﬁc, atmospheric aerosols block
the insolation and then cool the land surface, accompanied with lightabsorbing components such as black carbon (BC) heating the upper
boundary layer simultaneously (Ding et al., 2016; Wang et al., 2018).
The opposite air temperature responses over land and ocean caused by
BC could also weaken the East Asian winter monsoon circulation and
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surrounding air and triggering ABI than that in other levels (Ding et al.,
2016), and even more essential when BC mixed with other scattering
aerosols, which is quite ubiquitous in winter haze events (Wang et al.,
2018). On the other hand, the land–surface exchange processes for heat,
moisture and momentum are vigorous in near surface layer, which is
the bottom 5–10% of PBL. Featuring large gradients of variables
(temperature, moisture, etc.) and substances (gases and aerosols), near
surface layer is also associated with the development of PBL via
transmission of thermal and momentum ﬂuxes (Businger et al., 1971)
and closely related to surface air quality and human health. Therefore,
both of these two layers deserve additional concerns when performing
air quality simulations. However, vertical grid setting in current air
quality models is relatively coarse with typically 12–56 vertical levels
for the total atmosphere column, the majority of which have only 4–8
layers below the 850 hPa level of the atmosphere (IPCC, 2013). The
grid spacing decreases progressively with altitude, leaving no emphasis
on the key levels of ABI, which is highly possible to introduce great bias
when simulating such subtle structure of temperature stratiﬁcation and
pollutant proﬁles and thereby vertical diﬀusion within PBL.
To better characterize ABI in current air quality models, this paper
suggests a key level-targeted vertical grid setting to more accurately
simulate ABI and its role in haze aggravation. Compared with homogeneously putting more layers in the lower atmosphere, it is more efﬁcient and computationally-inexpensive to only add more layers at
some critical levels. The optimized vertical grid setting was ﬁrst tested
in a one-dimensional (1-D) WRF-Chem model and then applied to threedimensional (3-D) model for regional scale simulations. The modelling
results from conventional and optimized vertical grid settings were
evaluated using multi-site observations to demonstrate the improvements in model performance. The paper is organized as follows. The
observational data and methods are described in Section 2. Section 3
analyses results from 1-D ideal modelling as well as 3-D real case
modelling with conventional and optimized vertical grid settings. The
ability of two resolutions to capture the peak of PM2.5 concentration
and its diurnal variations are also discussed. Conclusions are summarized in Section 4.

decrease the wind speed in the boundary layer and lower troposphere
(Lou et al., 2019). Yang et al. (2017) proposed an interaction between
dust loading and wind speed over eastern China, which was associated
with variations of dust-induced atmospheric heating and conducive to
air stagnation of the lower atmosphere. Theoretically, ABI is characterized by upper-air warming and near-surface cooling, which is also
conﬁrmed by multi-year observational evidences (Huang et al., 2018).
Such opposite temperature responses in upper and lower PBL generate
an increasingly stable inversion, weakening the turbulent exchange and
vertical dispersion of near-surface air pollutants. Along with less sensible heat from surface, the convective motions and evolution of PBL
tend to be greatly suppressed, leading to enhanced accumulation of
locally-emitted pollutants within the lowest atmosphere (Ding et al.,
2016; Wang et al., 2018).
Global and regional air quality models have been widely applied to
analyze and predict haze pollution (Carmichael and Peters, 1986; Gong
et al., 1997; Huang et al., 2013; Silibello et al., 2008; Wang et al., 2000;
Ye et al., 2016). However, most of prevailing air quality forecast systems have not explicitly considered eﬀects of aerosol on radiation, atmospheric thermal structure and cloud microphysics yet, which may
modify the physical state of the atmosphere and hence impact the
weather and the occurrence of pollution. Meanwhile, existing modelling studies already suggested that the exclusion of aerosol's radiative
eﬀect cannot well capture stable atmospheric stratiﬁcation in most
cases, which leads to a substantial underestimation of near surface
particle concentration (Ding et al., 2016; Feingold, 2005; Petaja et al.,
2016; Wang et al., 2015a). For instance, only when aerosol's feedback
to PBL meteorology are considered can the model well reproduce the
local convection, regional circulation and precipitation pattern during
biomass burning season in eastern China (Ding et al., 2013; Huang
et al., 2016). As aforementioned, since both numerical simulations and
observational analysis are indicative of the importance of ABI and its
impacts on pollution aggravation, it is necessary to accurately depict it
in current air quality modelling in an eﬃcient way for more in-depth
understanding of haze pollution and better air quality forecasting.
The model vertical resolution has been demonstrated to exert great
impact on simulating PBL processes. Tompkins and Emanuel (2000)
reported signiﬁcant errors in both water vapor and temperature proﬁles
when using coarse resolution and highlighted the importance of resolving physical processes in PBL. Decreased biases in surface winds and
atmospheric stability as well as boundary layer height were shown with
the reﬁnement of vertical resolution (Byrkjedal et al., 2007). Modelling
studies have also pointed out the radiation ﬂuxes at the surface, especially longwave radiation could be changed by up to 10% if there is
poor resolution in boundary layer, hence inﬂuencing the continental
and marine cloud formation and coverage in general circulation models
(GCM) (Bushell and Martin, 1999; C. J. Somerville and Iacobellis, 2000;
Räisänen, 2016). In addition, the onset and evolution of fog obtained
with higher resolution are in better agreement with available observations due to better representation of key thermodynamical processes (Tardif, 2007). Particularly, the simulations of mesoscale convective systems suggested that increasing vertical resolution in diﬀerent
levels may result in diﬀerent intensity of hurricane, indicating that a
tailored vertical grid setting may stand out when simulating a speciﬁc
process (K. Kimball and Carroll Dougherty, 2006; Zhang and Wang,
2003).
The upper PBL and near surface layer are expected to be two critical
levels when conducting numerical simulations to resolve the ABI. As the
interface of the turbulent mixing layer and the free atmosphere, the
upper PBL particularly the capping inversion is a crucial thermal stable
layer at the top of PBL (Hong et al., 2006). Conventionally, pollutants
are mostly conﬁned under the capping inversion thus aerosols within
PBL is much more condensed than those found in the free atmosphere
(Li et al., 2015). Large gradient of temperature as well as aerosol concentration is generally evident near the upper PBL. Also, existing studies found that BC in the upper PBL is more eﬀective in heating the

2. Methodology
2.1. Observational data
The observed hourly mass concentration of PM2.5 at individual
ground-based monitoring sites for more than 74 major cities are obtained through the online access (http://datacenter.mep.gov.cn, last
access: November 2018). This database is publicly released by the
Ministry of Ecology and Environment (MEE) of People's Republic of
China, which is quite essential for providing a more detailed picture of
the extent of current air pollution situation in China and has been used
in many previous studies (Hu et al., 2014a; Wang et al., 2014b). To
obtain the surface meteorological conditions, station observations were
acquired from the Global Surface Hourly database distributed by the US
National Climate Data Center (NCDC) for December 2013. Four main
cities including Beijing (40.08 oN, 116.58 oE), Zhengzhou (34.52 oN,
113.84 oE), Nanjing (31.74 oN, 118.82 oE), and Xi'an (34.45 oN, 108.7
o
E) were extracted since hourly reports were only available at few sites.
Air temperature at 2 m during polluted episodes was compared with
model outputs by statistical analysis to evaluate the model's performance to reproduce the meteorological ﬁelds.
The radiosonde data at Beijing (39.94 oN, 116.36 oE, WMO station
number 54511), Xuzhou (34.28 oN, 117.15 oE, WMO station number
58027) and Nanjing (32.00 oN, 118.80 oE, WMO station number 58238)
observatories were collected from the University of Wyoming (http://
weather.uw-yo.edu/upperair/sounding.html, last access: November
2018). The radiosondes were launched twice a day (08:00 and 20:00
LT) and measured proﬁles of atmospheric variables such as air temperature, water mixing ratio, wind speed, etc. The measurements are
2
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bins according to their dry diameter ranging from 0.039 to 10 μm. In
each bin particles are assumed to be spherical and internally mixed.
Aerosol optical properties, such as extinction coeﬃcient, single scattering albedo (SSA) and asymmetry factor, were computed based on
Mie theory. These options have been proved to perform well in simulating ABI process over eastern China (Ding et al., 2016; Huang et al.,
2016).
The model domain is centered at 35.0 oN, 110.0 oE with a grid resolution of 20 km that covers eastern China and the surrounding regions. A total of 28 and 40 vertical levels extending from the surface to
50 hPa are utilized in the model, representing a conventional and an
optimized vertical resolution respectively. Note that in optimized resolution more layers are placed in the upper PBL and near-surface inversion to better capture the boundary layer turbulent exchange and
temperature modiﬁcations induced by aerosols. The initial and lateral
boundary conditions of meteorological variables are obtained from
National Center for Environment Prediction (NCEP) global ﬁnal analysis data (FNL) with a 1° × 1° spatial resolution that update every 6 h.
The lateral boundary conditions for chemistry ﬁelds are based on prescribed boundary proﬁle. To investigate the improvements of optimized
vertical resolution to simulate wintertime two-way feedback between
aerosols and PBL and its impact on pollution aggravation, the simulations were conducted for the time period from 25th November to 26th
December in 2013, when almost two thirds of China's territory experienced severe haze pollution (Ding et al., 2016; Jiang et al., 2015;
Zhang, 2015). Each run covers 48 h and the last 24 h modelling results
were used for further analysis. The chemical outputs from the previous
run are used as the initial conditions for the following run. The ﬁrst 6
days integration is considered as model spin-up period for atmospheric
chemistry to minimize the inﬂuence of the initial conditions (Berge
et al., 2001).

Table 1
WRF-Chem regional and SCM modelling conﬁguration options and settings.
Domain setting

Horizontal grid
Grid spacing
Vertical layers
Longwave radiation
Shortwave radiation
Land surface
Boundary layer
Microphysics
Cumulus parameterization
Photolysis
Gas-phase chemistry
Aerosol scheme

3D regional modelling

SCM

161 × 181
20 km
28/40
Conﬁgurations
RRTMG
RRTMG
Noah
YSU
Lin et al.
Grell-Deveny
Fast-J
CBMZ
MOSAIC

3×3
4 km
28/40/60

made both on the mandatory pressure levels (e.g., surface, 1000, 900,
850 hPa) and additional key levels.
2.2. WRF-Chem and model conﬁgurations
2.2.1. Real case regional modelling
The version 3.7 of Weather Research and Forecast Model with
Chemistry (WRF-Chem) is employed in this study to conduct numerical
experiments over eastern China. WRF-Chem is an online-coupled atmospheric model which simulates meteorology-chemistry-aerosol-radiation-cloud interactions via direct, semi-direct and indirect eﬀects
(Grell et al., 2005). Anthropogenic and biogenic emissions, photolysis,
dry deposition and wet scavenging are all treated simultaneously with
online meteorology. All transport processes related to atmospheric
gases and aerosols including convective and turbulent transport as well
as advection are all calculated by meteorological model with the same
horizontal and vertical coordinates. The main conﬁgurations for WRFChem physical and chemical processes are listed in Table 1. A new
version of the rapid radiative transfer model (RRTMG) for both longand shortwave radiation (J. Iacono et al., 2008) was applied to perform
radiation transfer within the atmosphere considering the feedback from
aerosols to radiation schemes. The Yonsei University PBL scheme (YSU)
(Hong et al., 2006) was implemented with Noah land surface scheme
(Ek, 2003) to describe the diurnal evolution of PBL under the inﬂuence
of aerosols as well as resolve land-atmosphere interactions. As for cloud
and precipitation processes, Grell cumulus ensemble parameterization
(Grell and Devenyi, 2002) along with Lin microphysics (Lin, 1983)
scheme accounting for six forms of hydrometeor were employed in the
simulation. The gas phase chemistry model used is based on the Carbon
Bond Mechanism version Z (CBMZ) (Zaveri and Peters, 1999), which
includes 67 species and 164 reactions in a lumped structure approach
and organic compounds are classiﬁed according to their internal bond
type. Photolytic reaction rates are derived using Fast-J photolysis
scheme (Fast et al., 2006). The aerosol module is the Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) (Zaveri et al.,
2008) including 11 aerosol species, all of which are separated into 4

2.2.2. SCM ideal modelling and sensitivity experiments
The single column model (SCM) version of WRF-Chem is a one-dimensional, idealized model that includes all physical and chemical
processes in the regional version except for advection (Wang et al.,
2018). The SCM runs on a 3 × 3 grid with periodic lateral boundary
conditions in both zonal and meridional directions. The grid is centered
at Beijing (39.94 oN, 116.36 oE) with a spatial resolution of 4 km, which
is more meticulous than the three-dimensional model but less computationally expensive. For its relative simplicity and computational attractiveness, SCM is often applied to conduct sensitivity tests. The
physical and chemical parameterizations are conﬁgured the same as the
regional model listed in Table 1. The initial conditions for SCM model
are simply a meteorological sounding and a soil proﬁle. In this study,
three sets of parallel experiments (with/without ABI) using diﬀerent
vertical grid setting: conventional (28 layers), optimized (40 layers) and
ﬁne (60 layers) resolution are conducted, the last of which are considered as the appropriate solution. The detailed η values for three grid
settings in WRF vertical coordinates are summarized in Table 2. We also
tested the sensitivity of the results to other prevailing PBL parameterizations, such as turbulent kinetic energy (TKE) local closure
scheme Mellor-Yamada-Janjic (MYJ) and Mellor-Yamada Nakanishi
and Niino Level 2.5 (MYNN2.5), and the overall improvements of the

Table 2
Detailed η values for conventional, optimized and ﬁne grid settings in WRF vertical coordinates.
Vertical resolution

Vertical grid η values

Conventional resolution (28 levels)

1.000, 0.976, 0.952, 0.926, 0.901, 0.880, 0.831, 0.783, 0.735, 0.687, 0.604, 0.528, 0.459, 0.398, 0.342, 0.292, 0.247, 0.207, 0.171, 0.139,
0.110, 0.086, 0.065, 0.048, 0.033, 0.020, 0.009, 0.000
1.000, 0.992, 0.985, 0.977, 0.969, 0.961, 0.952, 0.943, 0.934, 0.916, 0.896, 0.876, 0.865, 0.854, 0.843, 0.831, 0.819, 0.807, 0.795, 0.782,
0.769, 0.756, 0.728, 0.699, 0.668, 0.636, 0.602, 0.567, 0.529, 0.490, 0.448, 0.405, 0.359, 0.311, 0.261, 0.208, 0.152, 0.093, 0.032, 0.000
1.000, 0.992, 0.985, 0.977, 0.969, 0.961, 0.952, 0.943, 0.934, 0.925, 0.916, 0.906, 0.896, 0.886, 0.876, 0.865, 0.854, 0.843, 0.831, 0.820,
0.808, 0.795, 0.782, 0.769, 0.756, 0.742, 0.728, 0.714, 0.699, 0.684, 0.669, 0.653, 0.636, 0.620, 0.603, 0.585, 0.567, 0.549, 0.530, 0.510,
0.490, 0.470, 0.449, 0.427, 0.405, 0.383, 0.360, 0.336, 0.312, 0.287, 0.261, 0.235, 0.208, 0.181, 0.152, 0.123, 0.094, 0.063, 0.032, 0.000

Optimized resolution (40 levels)
Fine resolution (60 levels)
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Fig. 2 shows the air temperature proﬁle and shortwave heating rate at
14:00 LT along with the vertical distribution of BC in experiments from
three vertical resolutions. Due to deﬁcient layers in the lower atmosphere, the conventional grid setting failed to reproduce the vertical
proﬁle of BC aerosols, with an underestimation of 40% (about 2.2 μg/
m3) at the upper PBL and overestimation of 10% (about 0.6 μg/m3) in
the whole middle PBL compared with the ﬁne resolution, which could
be regarded as the appropriate solution. The shortwave heating eﬃciency showed similar results that the optimized and ﬁne resolution
runs were quite close while the conventional one exhibited some discrepancies. The underrated shortwave heating rate at about 600 m is
responsible for less signiﬁcant temperature perturbation from conventional grid setting in Fig. 1. Additionally, the air temperature was
greatly enhanced around 1000 m to about 1.5 °C in both optimized and
ﬁne resolution runs, while reached only 1.0 °C in conventional run with
a weakened capping inversion.
Along with temperature perturbation, the vertical distribution of
particulate matter (PM) can also be remarkably altered under the inﬂuence of ABI. The evolution of PBL has a signiﬁcant impact on surface
pollutant concentration since it directly determines the vertical dispersion and diﬀusion of gases and aerosols within the mixing layer
(Miao et al., 2017; Quan et al., 2014). In turn, high-concentration
aerosols block incoming solar radiation reaching the earth surface and
enhance PBL stability, resulting in a lower PBL height and more aerosols condensed in a shallower layer (Ding et al., 2016; Huang et al.,
2018; Petaja et al., 2016; Wang et al., 2018). The redistribution of PM
caused by ABI in the vertical direction, i.e., increase of aerosol concentration within PBL and decrease above it, is clearly shown in Fig. 3.
When excluding the radiative eﬀect of aerosols, the daytime surface
PM2.5 concentration was about 170 μg/m3, and the dry deposition velocity for aerosols were 1.98, 2.10 and 2.12 cm/s in three resolutions
(Table 3). In contrast, the same resolutions but with ABI included demonstrated higher surface PM2.5 concentrations, which were about
61.3, 69.6 and 70.1 μg/m3 greater than experiments without ABI. The
dry deposition velocity also declined by 0.5, 0.58 and 0.6 cm/s respectively, suggesting more stable stratiﬁcation and less removal of
particulate species from the atmosphere onto the earth surface. The
decreased deposition rate and enhanced pollutant concentration are the
typical inﬂuences of ABI, and obviously variations from optimized resolution agree better with the ﬁne resolution, the latter of which could
be viewed as the proper situation. In a word, the optimized grid setting
has the ability to capture ABI and its impact on haze aggravation, and
should thus be applied in the real case 3-D air quality modelling.

optimized resolution in these PBL schemes are consist with YSU scheme
(Figs. S1 and S2).
2.2.3. Emission inventory
The Multi-resolution Emission Inventory for China (MEIC) developed by Tsinghua University (Li et al., 2014) was used in both regional
real case modelling as well as SCM ideal experiments. Monthly anthropogenic emissions of SO2, NOx, CO, PM2.5, PMcoarse, BC, OC and
NMVOCs for ﬁve sectors (agriculture, industry, power plants, residential and transportation) are included with the ﬁnest resolution of
0.25° × 0.25°. A high-resolution ammonia emission inventory was applied over China (Huang et al., 2012). Non-methane organic compounds in MEIC were speciated into model-ready lumped species using
proﬁles for Carbon Bond Mechanism (Hsu et al., 2006). As for onedimensional experiments, regional-averaged emission of the North
China Plain (NCP, i.e. Beijing, Tianjin and Hebei, the so-called Jing-JinJi) was adopted to represent high intensity of anthropogenic activities
in eastern China.
3. Results and discussions
3.1. Identiﬁcation of key levels for ABI
By convention, there are approximately 4–8 vertical layers within
PBL in prevailing air quality forecasting systems and their spacing
usually decrease progressively along the altitude without any emphasis
at key levels such as upper PBL or entrainment zone (IPCC, 2013; Jiang
et al., 2015; Xian et al., 2019). Such vertical resolution of models are
relatively coarse to resolve sophisticated physical processes in PBL,
which are closely related to surface air quality and human health. As
mentioned, atmospheric aerosols could interact with PBL meteorology
and give rise to a positive feedback loop on pollutant concentration
(Ding et al., 2013, 2016; Petaja et al., 2016). Characterized by substantial temperature and mass gradient, the upper PBL and near surface
layer are expected to be two critical levels in aerosol-PBL interaction
and should be paid more attention when conducting global and regional
numerical simulation with chemistry (Ding et al., 2016; Huang et al.,
2018; Wang et al., 2018). Thus, we conducted parallel simulations
(with/without ABI) using three types of vertical grid settings in SCM so
as to explore the proper resolution for depicting ABI. The disparities
between experiments with and without ABI are considered as perturbations caused by aerosols, i.e. the eﬀect of ABI. Accordingly, a key
level-targeted vertical grid, namely optimized grid setting, which has
more layers at two aforementioned levels, the upper PBL and near
surface layer, was designed. At the same time, the simulations with
conventional (28 layers, following default setting in WRF model) and
ﬁne (60 layers with vertical resolution of about 60 m/100 m within/
above PBL) grid settings were also conducted for comparison. As illustrated in Fig. 1, the daily variation of air temperature and atmospheric
stratiﬁcation can be resolved reasonably well in all three sets of vertical
grids. The air temperature peaks at noon and reaches the minimum
around dawn. Notably, the air temperature at 2 m was about 1 °C at
4:00–8:00 LT in optimized and ﬁne resolutions, but reached 4 °C in
conventional resolution, suggesting that the inversion close to ground
was weakened in the coarse grid. Such decreased stability of inversion
may lead to inaccurate diﬀusion conditions and thereby undervalued
pollutants concentration at nighttime (Han et al., 2009). The perturbation in air temperature caused by aerosols, namely upper level
heating and surface cooling (Huang et al., 2018), can also be captured
in all three vertical resolutions. However, the daily variation of the
temperature responses in the optimized grid setting is closer to that in
the ﬁne resolution compared with the conventional one. The upper
level heating caused by absorbing aerosols are 0.97, 1.11 and 1.12 °C in
conventional, optimized and ﬁne grid settings, respectively, indicating
that the capability of the optimized grid setting to describe atmospheric
heating induced by absorbing aerosols is as good as the ﬁne resolution.

3.2. Implications in regional air quality modelling
Characterized by intense emission of air pollutants from the anthropogenic sources in megacity clusters, a half-open basin topography
which is detrimental for pollutant diﬀusion, as well as unfavorable
meteorological conditions, eastern China suﬀers from frequent and
long-lasting regional air pollution problems in winter (Fig. 4a). As has
been veriﬁed in 1-D simulations, the upper PBL and near surface layer
are two important levels in modelling ABI and should be paid more
attention when setting up vertical mesh grid to capture PBL processes
considering ABI under heavily polluted conditions. In this study, the
upper PBL is deﬁned as a thick layer around the averaged PBL height
diagnosed in YSU PBL scheme based on the vertical proﬁle of bulk
Richardson number during daytime (12:00–16:00 LT), while the near
surface layer is deﬁned as the layer around the inversion close to
ground (where the air temperature peaks below 100 m) at nighttime
(2:00–6:00 LT), both of which cover areas where variables vary rapidly
along the altitude.
Due to the fact that radiosonde stations are relatively sparse (CMA
sounding sites with an interval of several hundred kilometers in eastern
China) and only detect proﬁles twice a day (08 and 20 LT), it is diﬃcult
to use sounding data to investigate the PBL structure over a large
4
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Fig. 1. Diurnal variation of air temperature vertical proﬁle (upper panel) and its perturbation (lower panel) due to ABI in simulations from conventional (a, d),
optimized (b, e) and ﬁne (c, f) grid settings. The contour lines overlaid on the upper panel represent the exchange coeﬃcient, while the dashed lines overlaid on the
lower panel represent the vertical grid settings in three simulations.

distributions of the height, pressure and η value of upper PBL and near
surface layer over the domain shown in Fig. 4, which is also the typical
domain deployed when performing simulations concerning the eastern
China. The daytime averaged PBL height mostly (60%) ranged from
several hundred meters to 1 km, with a mean value of 574 m, which is
comparable to PBL height derived from ERA Interim reanalysis data by
Guo et al. (2016). In contrast, the nighttime averaged inversion layer
height is more centralized with almost 50% presenting below 50 m.
Optimized mesh grids are created to cover over 60% of their altitude

domain owing to its low spatial and temporal resolution. Therefore, 4year WRF simulations from 2013 to 2016 are conducted to acquire
average winter daytime PBL height (Fig. 4b) and near surface layer
height (not shown). The direct measurements such as temperature,
humidity and wind from surface and radiosonde reports covering the
entire domain were assimilated into the model every six hours through
objective analysis to provide a superior estimate of the state of the atmosphere. The domain setting and model conﬁgurations are exactly the
same as those described in Section 2.2. Fig. 5a–f presents the frequency

Fig. 2. Vertical proﬁles of air temperature, short wave radiation heating rate induced by BC and vertical distribution of BC aerosols at 14:00LT in three sets of vertical
mesh grid. Circle-marked line, cross-marked line and dashed line stand for ﬁne (Level60), optimized (Level40) and conventional (Level28) resolution, respectively.
5
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Fig. 3. Diurnal variation of PM2.5 mass concentration perturbation due to ABI in simulations from conventional (a, d), optimized (b, e) and ﬁne (c, f) grid settings.
Their corresponding dry deposition velocity for aerosols (red lines) as well as surface PM2.5 mass concentration (blue lines) are also shown in the lower panel, with
dashed/solid lines for simulations without/with ABI. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)

With daily mean observed PM2.5 concentration over 200 μg/m3, JingJin-Ji region and the Yangtze River Delta (YRD) region were the most
heavily polluted areas (Ding et al., 2016; Jiang et al., 2015; Liu et al.,
2015; Wang et al., 2015b). The most intensive haze episodes on 2–8
(EP1) and 21–26 (EP2) December 2013 were selected to evaluate
model's capability of describing extreme pollution events. The simulation results were ﬁrst compared with the observational data from four
major cities during the two haze episodes to assess the performance of
conventional and optimized vertical grid settings. Generally, the simulated PM2.5 concentrations were in good agreement with observations during the entire month, yet some discrepancies showed up when
focusing on the pollution episodes (Fig. 6 and Fig. S4). During the ﬁrst
episode (EP1), the observed PM2.5 concentration increased to about
350 μg/m3 in Beijing in the afternoon of 7th December, which is about
threefold larger than the daily averaged concentration stipulated by the

Table 3
Surface PM2.5 concentration and daytime dry deposition velocities from three
vertical grid settings (Level28, Level40, Level60) in ABI and noABI scenarios.
PM2.5 (μg/m3)

Level28
Level40
Level60

Deposition velocity (cm/s)

noABI

ABI

noABI

ABI

166.17
169.06
168.09

227.45
238.66
238.14

1.98
2.10
2.12

1.48
1.52
1.52

range and utilized to perform simulations of pollution episodes in the
winter of 2013.
Several haze episodes occurred in eastern China during December of
2013, covering almost two thirds of China's territory (Ding et al., 2016).

Fig. 4. Topography (a) and averaged daytime PBL height (b) of Eastern China from WRF-Chem simulations during the winter of 2013-2016.
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Fig. 5. Frequency distribution of daytime PBL height (a) and night-time inversion layer height (d) from WRF-Chem simulations during the winter of 2013-2016,
along with their corresponding pressure (b, e) and η value (c, f) over the domain shown in Fig. 4.

Fig. 6. Simulated hourly PM2.5 mass concentration from two vertical grid settings compared with observations during two haze episodes (EP1 and EP2) in four
typical cities: Beijing, Nanjing, Zhengzhou and Xi`an.
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Grade II Air Quality National Standard (75 μg/m3). The pollution was
even more serious in Nanjing, capital of Jiangsu located in the west of
YRD, suﬀering hourly observed maximum ﬁne particle concentration
reaching 400 μg/m3 in three days of the episode. The averaged PM2.5
observations through the episode were 115 and 265 μg/m3 in Beijing
and Nanjing, compared with 70, 174 μg/m3 from conventional resolution and 100, 231 μg/m3 from optimized resolution. Moreover, disparities of two resolutions were more obvious with greater observed
aerosol loading, suggesting that the optimized grid setting is better at
capturing PM concentration peaks and daily variations of pollutants,
the latter of which would be further discussed in the following section.
Owing to intensive local emissions combined with stagnant synoptic
weather, the second episode (EP2) was characterized with continuous
increase in the PM2.5 concentrations over approximately four days in
Zhengzhou and Xi'an. The accumulation and enhancement of aerosols
were fairly reproduced by the optimized grid setting, while the conventional grid setting illustrated a negative bias of about 25%.
The spatial distribution of PM2.5 concentration over the entire domain was also investigated. Owing to its short lifetime in the atmosphere, aerosol exhibited substantial spatial and temporal variations
with peak concentration near emission sources. High concentration of
PM2.5 mainly occurred in eastern China, especially NCP and YRD, with
the daily averaged maximum concentration exceeding over 250 μg/m3.
The feedback between aerosols and meteorological ﬁelds in the PBL
could not only modulate the local scale processes like turbulent mixing
but also exert an impact on the downwind pollutant transport across
cities and even precipitation, which further inﬂuences the distribution
of aerosol particles (Huang et al., 2016; Jiang et al., 2015). As shown in
Fig. 7, large underestimation could be found over heavily polluted city
clusters when excluding the eﬀect of ABI (left panel). By comparison,
simulations considering ABI (right panel) notably narrowed the gap
with observations. To be speciﬁc, the normalized mean bias of PM2.5
simulation during the haze pollution were −39.4% and −32.14%
without the inﬂuence of aerosol in conventional and optimized resolution respectively, rising to −19.1% and 4.5% when considering the
aerosol's radiative eﬀect (Table S1), indicating the optimized grid setting is better at resolving pollution enhancement of ABI. Moreover, the
conventional resolution failed to capture some peak values from the
stations located in the northern part of NCP as well as the stations
around Mount. Tai (Fig. S5). These subtle characteristics were all resolved by optimized grid setting with ABI eﬀect included, which is also
the best prediction of the actual PM spatial pattern. Overall, the averaged PBL height was declined by 5% in optimized grid setting compared with conventional resolution and near-surface ﬁne particle concentration was enhanced by about 20% during the entire modelling
period.
Meteorological variables, such as air temperature and relative humidity, are also of great importance in determining PBL thermodynamic properties, aerosol optical properties and some heterogeneous
reactions. Statistical analyses of simulated air temperature at 2 m at
four cities during pollution episodes (EP1+EP2) are listed in Table 4. A
great number of suspended aerosols could signiﬁcantly block solar radiation in the atmosphere, leading to a decline of incoming solar energy
and near surface air temperature (Ding et al., 2013; Huang et al., 2018;
Yu, 2002). With a general under-prediction of aerosol concentration
hence an undervalued extinction, it is not surprised to ﬁnd a systematic
positive bias of predicted air temperature at all cities when compared
with in-situ measurements (Huang et al., 2018). In other words, the
model tended to overestimate the radiation reaching surface, which
resulted in the overestimation of near-surface air temperature. This
discrepancy can be greatly reduced by applying optimized grid setting
by more than 40%. The mean error and root mean square error of four
cities were also decreased when utilizing the optimized resolution,
implying less bias and higher accuracy of air temperature prediction.
Atmospheric stratiﬁcation determines the stability of air masses as
well as vertical turbulent mixing conditions of near surface pollutants.

Both observations and simulations have found that aerosols could signiﬁcantly alter the vertical temperature proﬁle and the stability of the
lower atmosphere (Ding et al., 2013, 2016; Huang et al., 2018; Wilcox
et al., 2016). That is to say, the upper level heating by light-absorbing
aerosols especially BC in the PBL and surface cooling by all extinctive
aerosols result in more stabilized stratiﬁcation. This modiﬁcation of
atmospheric stability caused by ABI should also be well described in the
model because of its crucial contribution to air quality deterioration.
Atmospheric sounding serves as a good way to detect the stratiﬁcation
and is analyzed to test the performance of models in reproducing the
vertical temperature proﬁle. Detected at 00UTC (8:00LT), the temperature proﬁle is distinctively diﬀerent from that at 12UTC (20:00LT),
with a noticeable inversion layer located under 100 m (Fig. 8). Such an
inversion layer is associated with the nighttime radiative cooling of the
ground surface, revealed by the sounding in the morning when solar
insolation is not suﬃcient to compensate the energy loss. On the contrary, the temperature decreased with height in most cases at 12UTC,
indicating that the surface functions as a heating source for the air
masses in the lower troposphere. With more layers near the ground, the
optimized grid setting is better at resolving the inversion layer while the
conventional conﬁguration failed to characterize the inversion curvature due to less information of variables in the vertical direction
(Byrkjedal et al., 2007). In addition, the upper level heating caused by
absorption aerosols is clearly demonstrated in the optimized grid setting, which would otherwise be partly neglected when using conventional resolution (Fig. S6). The reasons for the heating promotion can be
attributed to two factors. Firstly, the vertical distribution of aerosols is
more accurate with more layers at upper PBL to resolve horizontal
transport of aerosol plumes and emissions from elevated point sources.
And the aerosol proﬁle is a key parameter that inﬂuences the strength
of ABI because of its sensitivity to the altitude of aerosol layer (Wang
et al., 2018). With higher resolution, the turbulent exchange of aerosols
and heating eﬃciency at key levels of the atmosphere could be more
exact. Secondly, poor vertical resolution could result in excessive vertical diﬀusion of heat as a result of the implicit diﬀusion operating in
the vertical advection schemes (Tompkins and Emanuel, 2000). Noted
that the atmospheric heating usually appears at 12UTC since the
aerosol interacts with radiation only during daytime.
3.3. Capability in simulating extreme pollution episode and its diurnal cycle
The underestimation of pollutants especially aerosol concentrations
is one of the common problems when performing haze predictions or
simulations (Wang et al., 2013, 2014a). To gain more insights of the
models’ ability to capture extreme haze episodes as well as the diurnal
variation of aerosols, hourly PM2.5 mass concentrations on polluted
days of two episodes (EP1+EP2) are analyzed. Fig. 9 shows the relationship between observed hourly PM2.5 concentration and their
corresponding residual, which is deﬁned as the diﬀerences between
simulations and observations for both conventional and optimized resolution. Linear ﬁtting curve for two resolutions are given as well.
While remaining small below 100 μg/m3, the residual grows larger with
higher loadings of ﬁne particles. The averaged deviation of red dots
(optimized) is relatively limited and ﬂuctuated mostly around the zero
line. However, blue dots (conventional) are more dispersed and located
around an oblique line with a slope of −0.39, indicating a more serious
underestimation of near surface pollutants under heavily polluted situations. In other words, such optimized grid setting improves PM simulation more eﬃciently during severely polluted episodes. The improvements can be attributed to better resolved aerosol vertical
distribution and its interaction with radiation, as well as PBL processes
aﬀected by ABI such as vertical turbulent mixing.
The performance of air quality models on characterizing pollutants
diurnal variation is of great importance for assessing human exposure
to air pollution as well as regional climate since daytime pollution is
more closely related to human health and shortwave radiative eﬀect of
8
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Fig. 7. Observed (circles) and simulated daily mean PM2.5 mass concentration with conventional (a without ABI, b with ABI) and optimized (c without ABI, d with
ABI) vertical grid settings over the eastern China on 4th December, 2013.

aerosols. The diurnal variation of near surface pollutants is regulated by
a combination of the development of PBL associated with changing
solar insolation and the variation of emission intensity associated with
anthropogenic activities such as residential cooking and transportations
(Quan et al., 2013; Tie et al., 2007). Conventionally, the PBL height
peaks at noon and reaches a relatively stable minimum at night. Higher
PBL height favors the vertical diﬀusion of near-surface pollutants.
Taking an urban monitoring station of Beijing for instance, the observed
PM2.5 diurnal variations during two polluted episodes clearly demonstrated a minimum after 12:00 LT and a maximum at night (Fig. 10b).
The morning and evening peaks are related to residential and rush-hour
transportation emissions in downtown area. Generally, the model with
optimized grid setting shows better agreement with observations, and
the daytime averaged concentration had similar magnitude as the observed ﬁne particle values. The more accurately shaped PM2.5 diurnal
variations were related to better resolved near surface stable layer in
the morning and evening (8:00–9:00 and 19:00–21:00 LT in Fig. 10),

Table 4
Statistical analyses of the simulated 2 m temperature and the corresponding
observations at four cities (Beijing, Zhengzhou, Nanjing, Xi'an) during polluted
episodes from conventional (L28) and optimized (L40) resolution.
MBa

BJ
ZZ
NJ
XA

MEa

RMSEa

L28

L40

L28

L40

L28

L40

−0.46
−0.52
−0.92
−0.91

−0.15
−0.27
−0.61
−0.42

2.44
2.07
1.48
1.71

2.23
1.88
1.53
1.46

2.90
2.6
2.23
2.31

2.61
2.37
1.97
1.97

a
MB, ME and RMSE refer to mean bias, mean error and root-mean-square
error respectively.
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Fig. 8. Air temperature proﬁles observed by radiosonde (dots) at 00 and 12 UTC (08 and 20 LT) during polluted episodes and simulations from conventional (blue)
and optimized (red) grid settings. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

nighttime PM concentration in both urban and suburban stations,
which is likely due to the missing of ground inversion layer as well as
deﬁcient entrainment at the top of PBL and thereby inappropriate
aerosol vertical diﬀusion conditions. However, the PM concentration
from both grid settings showed larger errors at nighttime than daytime,
which may be related to the failure of PBL parameterization depicting
nocturnal stable PBL processes and need further investigation.

and thereby limited dispersal volume for polluted gases and aerosols,
which could be easily aﬀected by intensive local emissions in rush
hours. On the other hand, the observed PM2.5 in Huairou, a northeastern suburban station, showed totally diﬀerent diurnal pattern. Instead of reaching a minimum at noon, it peaks in the afternoon (about
13:00LT) and evening (about 20:00LT) with two distinct elevated
processes before. As the anthropogenic emission is much less intensive,
suburban areas are less polluted and high concentration of aerosols are
more tied to regional transport (Gao et al., 2017), horizontally as well
as vertically. With the constantly developing PBL in the morning,
plumes transported by southerly wind from urban areas above capping
inversion were entrained into the PBL and spread down through turbulent mixing, thereby increasing the particle concentration near the
ground surface. As the surface heating the atmosphere, the development of PBL is ﬁnally enough to dilute the particles within it, leading to
a reduction in near surface pollutants. Shortly after sunset, the PBL
quickly falls down and condenses the column aerosols into a shallow
layer, giving rise to the second peak. With more layers set around the
top of PBL, the PM2.5 simulations at suburban stations in optimized
conﬁguration also agreed well with observations owing to the capture
of regional transport plume and entrainment at the interface of mixing
layer and free atmosphere (Xu et al., 2018). By contrast, the conventional grid setting showed no signiﬁcant diurnal pattern and lower

4. Summary and conclusions
Atmospheric aerosols could perturb the radiation transfer and hence
inﬂuence PBL meteorology, thereby signiﬁcantly enhancing the nearsurface haze pollution. However, most of current air quality simulations
have not explicitly included or cannot well represent such kind of interaction when performing air quality forecast or pollution processes
analyses, which may often lead to substantial underestimation of atmospheric stability and near-surface pollutants’ concentration. Since
the aforementioned processes are closely related to the vertical characterization and resolving of PBL, in this study, 1-D meteorological PBL
– chemistry online coupled model was applied to verify the key levels of
PBL processes under the impact of ABI. The upper PBL and near surface
layer were identiﬁed as two critical levels which cover the area with
large gradient of variables and crucial physical processes and need extra
10
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importance for haze predictions and simulations.
The optimized vertical grid setting derived from statistical analyses
over the entire domain was then applied in the 3-D air quality modelling in eastern China. Compared with default resolution, the optimized
run is demonstrated to perform much better at capturing temperature
stratiﬁcation and extreme ﬁne particle concentration values as well as
its diurnal variation during pollution episodes. Speciﬁcally, the averaged decrease in PBL height and increment in surface PM2.5 concentration are about 5% and 20% while applying the optimized setting,
thereby reducing the bias from 30 to 5 μg/m3 in PM2.5 concentration
reproduction. Moreover, the overestimation of near surface temperature can be greatly reduced by more than 40%. The improvement can
be attributed to better-resolved atmospheric stratiﬁcation and shortwave heating eﬃciency.
In this work, we mainly focused on eastern China where severe haze
pollution occurred in the wintertime. The frequency distribution of
daytime PBL height and surface inversion layer over this region was
derived from persistent regional WRF-Chem modelling, which was then
used to create optimized mesh grids covering over 60% of the altitude
variation of PBL height and inversion layer. Due to factors such as largescale atmospheric motion, ﬂuctuating surface ﬂuxes, underlying landuse and topography, the daytime evolution of PBL varies substantially
both in time and space, making the deﬁnition of the upper PBL somewhat ﬂexible. However, the idea of increasing vertical resolution at key
levels of ABI and the method to derive the optimized vertical grids
could be extended and applied to other areas under the inﬂuence of ABI
with global reanalysis data such as ERA5 hourly data, which shows
similar results with regional WRF-Chem modelling except for complex
terrain and multifarious types of land-use (Fig. S3). Such an optimization of vertical grid setting in air quality model could help better predict
extreme near-surface pollution in some speciﬁc areas with substantial
loadings of absorbing aerosols (such as winter in eastern China, dry
season in northern India, etc.), and adopt quick prevention measures in
current air quality forecast and emergency response system.

Fig. 9. Scatter plot between observed hourly PM2.5 concentrations and their
residual compared with modelling results at Beijing during two polluted episodes. The blue and red dashed line are linear ﬁtting curves for conventional
and optimized simulations, respectively. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

attention when conducting numerical simulations. The experiments
showed that with more layers at these two key levels, referred to as
optimized grid setting, the model performance on vertical proﬁle of air
temperature and aerosols in the model was greatly improved, comparable to results from the ﬁnest resolution. The upper level heating
caused by absorbing aerosols was enhanced up to 15%. As a consequence, air temperature in the upper PBL increased from 1 to 1.5 °C,
equivalent to 30% intensiﬁcation of atmospheric stability. Furthermore,
almost all of surface PM2.5 concentration change and dry deposition
velocity change caused by ABI in the accurate situation could be reproduced in the optimized conﬁguration, yet only 80% were captured
in conventional resolution. Such improvements were of critical
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Fig. 10. Geographical locations of urban and suburban stations in Beijing overlaid by MODIS-retrieved land use map in 2010 (a). Observed (upper panel) and
simulated (lower panel, blue for conventional, red for optimized) PM2.5 diurnal variations during two polluted episodes at urban (b, d) and suburban (c, e) station.
Solid lines and shaded area represent average, 25-75th percentile, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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online access to ambient air monitoring data center (http://datacenter.
me-p.gov.cn). The radiosonde observations are archived at http://
weather.uwyo.edu/upper-air/sounding.html, and global hourly surface meteorological data are available at https://www.ncei.noaa.gov/
da-ta/global-hourly/access/.
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