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• Anomalous large-scale circulations led
to severe haze in Beijing over Nov.–
Dec. 2015.

• Abnormal changes at upper tropo-
sphere may be the trigger point for the
haze events.

• Kinetic energy index could be used to
evaluate the clearance capacity of at-
mosphere.

• The daily (hourly) PM2.5 can be predict-
ed in the maximum leading times of 8
(5) days.
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Based on the hourly PM2.5 concentrations, meteorological variable records and ERA-Interim reanalysis data, a se-
ries of diagnostic analyseswere conducted to explore the possible meteorological causes for the severe haze pol-
lution that occurred in Beijing in November–December 2015. Using the online-coupled WRF-Chem model and
GFS data, the predictability of hourly and daily PM2.5 concentrations was evaluated. The results showed that, in
the context of pollutant emission, the severe haze pollution in downtown Beijing in November–December
2015 was primarily attributed to anomalous local meteorological conditions, which were caused and strength-
ened by anomalous large-scale atmospheric circulations. The abnormal changes in the upper troposphere ap-
peared to trigger the anomalies in the middle-lower troposphere and the local conditions. The numerical
simulations can capture the spatial distribution patterns of the PM2.5 concentrations for predictions of 1 to
10 days in advance. The PM2.5 concentration trends in downtown Beijingwere generally consistent with the pre-
dictions on both daily and hourly time-scales, although the predictability decreased gradually as the lead times
prolonged. The predictability of the daily mean PM2.5 concentration was slightly higher than that of the hourly
concentration. The statistical indices suggested that the predictions of daily and hourly mean PM2.5 concentra-
tions were generally skillful and reliable for maximum lead times of 8 and 5 days, respectively.
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1. Introduction
Beijing is the capital of China, and it is one of the largest cities in the
world, with approximately 20 million residents. With its rapid urbani-
zation and industrial development over the past several decades, Beijing
and its adjacent areas are becoming more and more important in China
and also for the global economy. However, rapid economic growth and
urbanization have increased the level of air pollution in recent decades
(Streets et al., 2007; Chan and Yao, 2008; Wang et al., 2010; Gao et al.,
2011; Wu et al., 2011; Tie et al., 2015; Zheng et al., 2015b). Beijing
and eastern China have frequently suffered from severe haze or smog
days in recent years, which were characterized by high particle mass
concentrations and low visibility. Severe haze pollution, especially
persistent haze days (i.e., in January 2013), have greatly threatened
human health and traffic safety. Although most people spend N90%
of their time indoors, outdoor air pollutants can penetrate the indoor
environment and raise the adverse health effects of pollutant expo-
sure (Ji and Zhao, 2015; Hang et al., 2017). These phenomena have
stimulated great interest in studying the haze pollution in Beijing
or even eastern China (Wang et al., 2013; Tao et al., 2014; Wang et
al., 2014b; Zhang et al., 2014; Wang et al., 2014a; Zhang et al.,
2015a; Wang and Chen, 2016; Fu and Chen, 2017; Han et al., 2016).
Very serious haze pollution hit Beijing again in November–December
2015, and red alerts were issued for heavy pollution periods on
December 7th and 18th, 2015 (in fact, these were not the worst
cases over that period according to pollutant concentration records).
That was the first time the capital issued a red alert (the most serious
level) for air pollution in Chinese history.

Haze pollution is generally attributed to the following two factors:
pollutant emissions to the lower atmosphere from fossil fuel combus-
tion, construction and others and unfavorable meteorological diffusion
conditions. The air quality or the occurrence of haze pollution is strongly
influenced by meteorology. Meteorological factors not only have
essential impacts on the accumulation or diffusion, spread and regional
transport of air pollutants, but they also have important impacts on the
formation of secondary aerosols, which are generated by complicated
physical and chemical reactions (Wang et al., 2012; Zhang et al., 2013;
Jeong and Park, 2013; Ramsey et al., 2014; Sun et al., 2015; Zheng et
al., 2015a; Quan et al., 2015; Marais et al., 2016). In particular, the
weather conditions played an essential role in the daily variability
of air pollutant concentrations (Whiteaker et al., 2002; Mues et al.,
2012; Feng et al., 2014; Wu et al., 2014; Zhang et al., 2015c). Zhang
et al. (2016) suggested that there is a close relationship between
the winter haze pollution in the Beijing-Tianjin-Hebei region and
the atmospheric circulation at middle-high latitudes over a long-
term perspective from 1980 to 2015. Other studies have suggested
that, on an interannual time-scale, the air pollution across central
and eastern China or even South Asia in the winter and summer
has a close relationship with East Asian winter and summer monsoons,
respectively (Hien et al., 2011; Cao et al., 2015; Cheng et al., 2016;
Li et al., 2016).

It was assumed that the emission discharges in Beijing and its adja-
cent regions in November–December 2015 were generally the same as
usual. A question has arisen as towhat factor led to such extreme severe
haze pollution in Beijing, particularly during these two months, and
what the quantitative relationship was between the haze pollution
and atmosphere dynamics. To follow up, there was a question about
the predictability of the anomalous severe haze pollution on hourly
and daily time-scales. To date, a few studies have been performed to ex-
plore these issues, but the answers to these questions remain uncertain.
Thus, the primary objectives of this paper can be summarized in two
ways. The first is to examine the possible causes of the severe haze pol-
lution in downtown Beijing in November–December 2015 on monthly
to seasonal time-scales; the second is to discuss the predictability of
the severe haze pollution for different lead times using a high-resolution
WRF-Chem model and Global Forecast System (GFS) data.
This paper is organized as follows. The data andmethods used in the
diagnostic analysis and model setting in the simulation were described
in Section 2. Themajor results of the diagnostic analysis and simulations
are presented in Section 3. Some uncertainty or unresolved phenomena
are discussed in Section 4. The primary conclusions are summarized in
Section 5.

2. Data, model and methodologies

2.1. Data and research area

During this study, the hourly PM2.5 (particle matter with aerody-
namic diameter b2.5 μm) concentration in downtown Beijing was de-
rived from eight stations operated by the Ministry of Environmental
Protection of the People's Republic of China over the period of
November–December 2015 (Fig. 1). Moreover, the PM2.5 concentration
data derived from the American Embassy station were also used for
comparing and filling in the missing data followed by regression analy-
sis. From November 1st to December 31st 2015, the missing rates of
hourly PM2.5 concentration records at the American Embassy station
and the average from the eight operational stations were 0.68% (10 h
missing) and 3.62% (53 h missing), respectively. In fact, the hourly
PM2.5 records from the American Embassy station are highly consistent
with the average from the eight stations. The correlation coefficient is
0.96, which is significant at the 0.01 level (p b 0.01 for short). The differ-
ence in their mean values is only 0.81 μg/m3. To represent the data
across the city better, we take the average records from the eight sta-
tions as the actual PM2.5 concentration for downtown Beijing in this
study. The location of Beijing in northern China and the spatial distribu-
tion of environmental andmeteorological stations in downtown Beijing
are shown in the left panel and right panel in Fig. 1, respectively. The left
panel in Fig. 1 also represents themodel domain of theWRF-Chem sim-
ulations. Throughout the paper, the meteorological day was defined as
the 20:00–20:00 time span (local time) for the dailymean values calcu-
lated here.

2.2. Model and simulation design

To examine the predictability (or feasibility of prediction) for severe
haze pollution in downtown Beijing, the medium-range (10 days) and
high-resolution (9 km) simulation experiments were executed by
using an online-coupled WRF-Chem model (Weather Research and
Forecasting model coupled with Chemistry) (version 3.3) (Grell et al.,
2005; Fast et al., 2006; Kumar et al., 2014; Liu et al., 2016; Wang et al.,
2016). We used meteorological forecast data from the Global Forecast
System (GFS) that were produced by the National Centers for Environ-
mental Prediction (NCEP) as themeteorological lateral boundary condi-
tions in the simulations. Specifically, the temporary and spatial
resolutions of the GFS forecast data used here are 6 h and a 1.0° × 1.0°
interval, respectively. The maximum lead time (the time span of the
prediction) is 240 h (10 days) for each run (or experiment), and there
are 72 runs in total (from October 21st to December 31st 2015, there
were 72 days in total). For example, the first run is from 20:00 PM uni-
versal timeonOctober 21st to 20:00PMonOctober 31st, the second run
is from20:00 PMonOctober 22nd to 20:00 PMonNovember 1st, and so
on. Technologically, a cycle simulation scheme had been designed to
perform the runs. The primary settings and schemes used in the WRF-
Chem simulations are shown in Table 1. The schemes used in our simu-
lations are generally similar to those in Crippa et al. (2016), except for a
few differences. To better capture the process of haze occurrence near
the surface, there are 13 levels designed for use at under 1500 m. A
high spatial resolution (0.1° × 0.1°) of anthropogenic emissions
(monthly in 2012) was used in the simulation, which was provided by
the MEIC group (Multi-resolution Emission Inventory for China)
(Zhang et al., 2009; Li et al., 2015).



Fig. 1. Topographic map of northern China (left panel) and the environmental monitoring sites operated by the Ministry of Environmental Protection of the People's Republic of China
(cyan square) and American Embassy (green diamond) and meteorological stations derived from China Meteorological Administration (blue dot) in downtown Beijing (right panel).
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2.3. Mathematical methods

Common statistical methods such as comparative analysis (e.g.,
anomalies in a special year compared to the climatology) and Pearson
correlation analyses with a two-tailed Student's t-test are applied in
this research. To evaluate the performance of the WRF-Chem model
combinedwith GFS simulations, statistics such as the correlation coeffi-
cient (r), root mean square error (RMSE) and normalized mean error
(NME) were used. The NME value is defined as follows:

NME ¼ ∑N
i¼1jCm−Coj
∑N

i¼1Co

ð1Þ

where Cm is themodel-estimated concentration at station i, Co is the ob-
served concentration at station i, and N equals the number of estimate-
observation pairs drawn from all the valid monitoring station data for
the comparison time period of interest (Boylan and Russell, 2006). Gen-
erally, a high positive r suggests that the fluctuations in the model-esti-
mated PM2.5 concentration are consistent with the observed ones; the
lower RMSE and NME suggest that the bias between the estimated
and observed data are smaller, and vice versa. A Reduction of Error
(RE) was also used to evaluate the skill of the prediction. Previous stud-
ies suggested that the RE is an extremely rigorous verification statistic
Table 1
List of the main settings or schemes used in the WRF-Chem simulations.

Simulation settings Values

Domain size 133 × 124 cells
(N1.3 million km2)

Horizontal resolution 9 km
Vertical resolution 30 levels up to 50 hPa
Time step for physics 45 s
Time step for chemistry 3 min

Physics option Adopted scheme

Microphysics WRF Single-Moment 6-class scheme
Longwave radiation Rapid radiative transfer model (RRTM)
Shortwave radiation Goddard
Surface layer Monin–Obhukov similarity
Land surface Noah Land Surface Model
Planetary boundary layer Yonsei University scheme (YSU)
Cumulus parameterizations Grell 3D

Chemistry option Adopted scheme

Photolysis Fast-J photolysis
Gas phase chemistry CBM-Z
Aerosols MOSAIC with 4 sectional bins
Anthropogenic emissions MEIC with spatial resolution of 0.1° × 0.1°
Biogenic emissions Guenther, from USGS land use classification
because it has no lower bound, with RE N 0 indicating a skillful estima-
tion, RE N 0.2 indicating a reliable estimation and RE = 1.0 indicating a
perfect estimation (Gong and Luterbacher, 2008; Zhang et al., 2016). RE
can be calculated by using the following equation:

RE ¼ 1:0−
∑N

i¼1 Co−Cmð Þ2

∑N
i¼1 Co−Co

� �2

2
64

3
75 ð2Þ

where Cm, Co and N are the same as above, andCo is themean of the de-
pendent data set (namely, the observed data) used for calibration
(Fritts, 1976).

3. Results

3.1. Local meteorological conditions and large-scale atmosphere
circulations

The daily mean PM2.5 concentrations in downtown Beijing over No-
vember–December 2015 are presented in Fig. 2. The standard devia-
tions for the 24-hour records from each day are indicated by error
bars. Days with a high PM2.5 concentration and a small error bar, such
as December 1st and December 25th, indicate heavy pollution through-
out the day. By contrast, a large error bar generally indicates an intense
fluctuation in the PM2.5 concentration, which may be a reflection of the
accumulation or elimination of pollutants, or both of them. It is clear
that most (36 days, or approximately 59%) of the daily PM2.5 concentra-
tions were higher than 75 μg/m3, which suggest pollution according to
the ambient air quality standards of China. The mean concentration
over this period was 140.6 μg/m3, which is far larger than the annual
mean from 2015 (80.6 μg/m3 from the BeijingMunicipal Environmental
Protection Bureau). During the November–December 2015 period, ex-
treme severe pollution occurred on the 1st and 25th of December, and
the daily mean PM2.5 concentrations in downtown Beijing exceeded
500 μg/m3, which was very unusual. Generally, the high PM2.5 concen-
tration records suggested that severe or even extreme haze pollution
occurred in Beijing in November–December of 2015.

Many studies have demonstrated that the variability in haze pollu-
tion (as indicated by the PM2.5 concentration and/or visibility) on a syn-
optic time-scale were closely related to the local meteorological
conditions, such as the wind speed, wind direction, relative humidity,
boundary layer height (Guo et al., 2014; Wu et al., 2014; Zhang et al.,
2015b; Zhang et al., 2015c). The mean relative humidity and wind
speed in November–December from 1981 to 2010 (Clim) and 2015 as
evaluated from the records taken at the five synoptic meteorological
stations located in downtown Beijing (shown in Fig. 1) are presented
in Fig. 3a and Fig. 3b, respectively. As expected, the mean relative hu-
midity (wind speed) in downtown Beijing over November–December



Fig. 2. The daily mean PM2.5 concentration in downtown Beijing over November–December 2015 (the error bars denote the standard deviation in 24-hour records).
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2015 was distinctly higher (lower) than the climatological means. The
mean relative humidity in November–December 2015 (72.4%) in-
creased by 38.2% compared to the climatological mean (52.4%). By con-
trast, themeanwind speed over November–December 2015 (1.49m/s)
was reduced by 24.1% compared to the climatological mean (1.96 m/s).
Based on the EAR-Interim reanalysis data, the boundary layer height
in downtown Beijing was also examined (Fig. 3c), and in November–
December 2015 (385.3 m), it was reduced by 14.2% compared to the
climatologicalmean (449.3m). Since the boundary layer height is close-
ly related to the inversion condition, the mean temperature profiles in
the lower-middle troposphere were analyzed (Fig. 3d). In downtown
Beijing, the air temperature during November–December 2015 was
cooler than usual in the lower troposphere (at approximately
850 hPa), but it waswarmer than usual from themiddle to upper tropo-
sphere. This result suggested that the air in the lower troposphere over
this area was more stable, which further denoted a strengthened atmo-
spheric inversion and a reduced boundary layer height in November–
December 2015.

The local meteorological conditions in downtown Beijing during the
November–December 2015 period can be summarized to show: the
weakened winds (calm winds), lower boundary layer, strengthened
temperature inversion, and higher relative humidity, which are all fa-
vorable for the accumulation and hygroscopic growth of pollutants.
They are very conducive to the formation of haze pollution in the con-
text of pollutant emission. Thus, the anomalously severe haze pollution
in November–December 2015 could be directly attributed to the unusu-
al local weather conditions, at least partially. We wonder what caused
Fig. 3. The climatological mean (blue bar/line) relative humidity (a), wind speed (b), boundar
2015 (red bar/line).
the anomalous changes in the local weather conditions, and what the
links are between the anomalous local weather conditions and the larg-
er-scale atmosphere circulations.

To examine the relation between the local weather conditions and
large-scale atmospheric circulation, we conducted further analysis.
Most of the previous studies have suggested that the winter (December
to February) haze pollution in the Beijing-Tianjin-Hebei region was
closely related to the variation in atmosphere circulations in the mid-
high latitudes (Zhang et al., 2016), or even the extent of Arctic sea ice
(Wang and Chen, 2016). First, we examined the climatological mean
(refer to 1981–2010) fields of sea level pressure (SLP), low-level wind
at 850 hPa (U&V850), geopotential height at 500 hPa (H500) and
zonal wind at 200 hPa (U200) as averaged over November–December
based on ERA-Interim reanalysis data (Fig. 4) (Dee et al., 2011). In the
climatological mean fields over November–December, Beijing is located
in the eastern edge of Siberia-Mongolia high at sea level pressure
(Fig. 4a) and thewestern edge of East Asian trough at themiddle tropo-
sphere (Fig. 4c) and the entrance of East Asian jet stream at the upper
troposphere (Fig. 4d), which are accompanied by the northwesterly
wind at the lower troposphere (Fig. 4b). Theoretically, the configuration
of these atmospheric conditions is not conducive to the accumulation of
pollutants and then the formation of haze pollution.

To investigate the changes in these meteorological fields that oc-
curred in November–December 2015, we examined the anomaly fields
of SLP, U&V850, H500 and U200 (Fig. 5). The spatial distribution of the
SLP anomaly shows that the main part of the Siberia-Mongolia high
was weaker than normal in November–December 2015 (Fig. 5a).
y layer height (c) and temperature profile (d) in downtown Beijing compared to those in



Fig. 4. The climatologicalmeanfields of SLP (a), low-level wind at 850 hPa (b), geopotential height at 500 hPa (c) and zonalwind at 200 hPa (d) as averaged forNovember–December from
1981 to 2010 based on ERA-Interim reanalysis (red star indicates the location of Beijing).
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However, the pressure was strengthened in the regions from the east-
ern edge of Siberia-Mongolia high through the East China Sea to the
northwest Pacific Ocean. The pressure increase for the ocean and thede-
crease on the continent reflect a weakened East Asian winter monsoon,
presumably due to the reduced land-sea thermal contrast in the lower
troposphere. Furthermore, the East Asian jet stream in the upper tropo-
sphere (Fig. 5d) and the East Asian trough in the middle troposphere
Fig. 5. The anomaly fields of SLP (a), low-level wind at 850 hPa (b), geopotential height at 500 h
reanalysis (red star indicates the location of Beijing).
(Fig. 5c) became weaker, which are not favorable conditions for induc-
ing the cold polar air southward. Correspondingly, the anomalous
southeasterly winds dominated Beijing during November–December
2015 instead of the northwesterly wind in the climatological mean
windfield (Fig. 5b),whichwas unfavorable (favorable) to the dissipation
of pollutants (formation of haze pollution) due to a reduced capacity for
air clearness.
Pa (c) and zonal wind at 200 hPa (d) in November–December 2015 based on ERA-Interim
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High humidity conditions are known to promote the hygroscopic
growth of particles, which subsequently cause a high mass concentra-
tion of pollutants and then severe haze episodes in Beijing or eastern
China (Wang et al., 2012; Guo et al., 2014; Zhang et al., 2015b). Theme-
teorological station records as described above also demonstrated that
the relative humidity in downtown Beijing over November–December
2015 increased by 38.2%. However, we wondered in which conditions
the high humidity could be maintained for two months in the local re-
gion. Generally, persistently high humidity is associated with large-
scale anomalous water vapor transport. To elucidate this issue, we ex-
amined the vertically integratedwater vapor as derived fromERA-Inter-
im reanalysis data. It is quite clear that the water vapor over most of
northern China in November–December 2015 was higher than the cli-
matology (Fig. 6a). This finding confirms that the anomalously higher
water vapor in such a large region could help maintain the higher hu-
midity conditions in downtown Beijing.

To evaluate the clearance capacity of the atmosphere, we further ex-
amined the kinetic energy (Fig. 6b). The greater kinetic energy of the at-
mosphere could have a greater capacity to clean the air by removing or
transporting the pollutants, and vice versa. This capacity warrants that
the kinetic energy should be a comprehensive index to indicate haze
pollution in Beijing. As expected, compared to the climatological
means, the vertical integral of kinetic energy (which was derived from
the ERA-Interim reanalysis directly) decreased in November–December
2015 over most of northern China, especially around Beijing and its ad-
jacent areas (Fig. 6b). The decreased kinetic energy indicates that the at-
mosphere was more stable or sluggish in November–December 2015
than usual, and the clearance capacity of the atmosphere decreased in-
evitably, which were all favorable to the accumulation of air pollutants
and the formation of haze pollution.

It should be noted that most of the emission discharges and haze
pollution primarily occurred within the planetary boundary layer.
That is, it is necessary to understand the distribution of kinetic energy
at different levels and the possible links between the air activity in the
near surface and middle-upper troposphere or even the stratosphere.
We examined the zonal,meridional, and vertical winds from the surface
to the lower stratosphere (Fig. 7). Compared to the climatological mean
(Fig. 7a), the zonal winds clearly decreased from the lower troposphere
to the lower stratosphere over most of the section in November–De-
cember 2015 (Fig. 7b). The negative center is located at the tropopause
Fig. 6.The anomalyfields for the vertical integral ofwater vapor (a) and kinetic energy (b) inNo
Beijing).
area from approximately 30°N to 36°N, which suggested that the East
Asian jet entrance (especially in the center-north) is significantly weak-
er than usual. Corresponding to the reduced zonal winds, the anoma-
lous sinking motion and southerly winds occurred from the
tropopause to the surface, which reflected that the northerly winds de-
creased in November–December 2015. Generally, the kinetic energy (or
simply the wind speed) transfer from the free atmosphere to the plan-
etary boundary layer can cause an energy increase in the near surface,
which are beneficial conditions for the spread or diffusion of pollutants.
In November–December 2015, the large decrease of kinetic energy in
the middle-upper troposphere would lead to little energy transfer to
the planetary boundary layer, so the air tended to be more stagnant
and then haze pollution occurred easily. Thus, the abnormal changes
in the upper troposphere may be the trigger points for the anomalies
in the middle-lower troposphere and local conditions.

3.2. Evaluation of the medium-range forecast tests of PM2.5 concentrations

Based on the WRF-Chem model and GFS forecast data, a series of
high-resolution simulation experiments for the medium-range PM2.5

concentration forecast in downtown Beijing during November–Decem-
ber 2015 has been performed. As mentioned above, the maximum lead
time for the prediction is 10 days for each run, which consisted of day 1
(1–24 h), day 2 (25–48 h), day 3 (49–72 h),…, day 10 (217–240 h). We
compared the features of the spatial distribution of simulated PM2.5 con-
centrations at different lead times to the observed during the research
period. The observed mean PM2.5 concentrations over most of northern
China during November–December 2015 is shown in Fig. 8a. Most of
Beijing, Tianjin, the middle-southern area of Hebei province and the
northwest part of Shandong province experienced moderate
(≥115 μg/m3) to high levels (≥150 μg/m3) of pollution during the two
months. The simulated mean PM2.5 concentrations for prediction
1 day (day 1), 4 days (day 4) and 7 days (day 7) in advance are
shown in Fig. 8b, c and d, respectively. Intuitively, the spatial distribu-
tion patterns of the simulated mean PM2.5 concentrations at different
lead times are generally consistent with one another. Heavy pollution
occurred from the middle-southern region of Hebei province along the
foot of Taihang Mountain to the Beijing areas. To understand the simi-
larity between the model-estimated and observed spatial patterns in
PM2.5 concentrations in quantitative terms, the correlation coefficients
vember–December 2015 based onERA-Interim reanalysis (red star indicates the location of



Fig. 7. The climatology (a) and anomaly (b) zonal, meridional and verticalwinds along 114–118°E (themeridional and verticalwinds are shown as vectors and zonalwinds as contours, all
of them are in unit of m/s. To facilitate comparison, the vertical winds have been multiplied by 100).
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between the observedmean PM2.5 concentrations at all stations located
in the simulation domain and the corresponding PM2.5 concentrations
derived from the simulation at different lead times were calculated
(Table 2). From day 1 to day 10, the spatial pattern correlation coeffi-
cients are larger than 0.73 (p b 0.01). The high correlation coefficients
suggested that all the simulations at different lead times can reasonably
predict the spatial distribution patterns of the PM2.5 concentrations. In
Fig. 8. The observed mean PM2.5 concentration (a) and the simulated mean
other words, the model-estimated PM2.5 concentrations over a spatial
distribution would be highly reliable at a medium-range time-scale.

The primary objective of the simulation is to investigate the predict-
ability of the PM2.5 concentration (haze pollution) in downtown Beijing
on daily and hourly time-scales. To examine the predictability of the
model, the temporal series of PM2.5 concentrations that were confined
to downtown Beijing were extracted from the model outputs. The
PM2.5 concentration for prediction day 1 (b), day 4 (c) and day 7 (d).



Table 2
Correlation coefficients between the observed and simulated spatial distribution patterns
of PM2.5 concentrations.

Day
1

Day
2

Day
3

Day
4

Day
5

Day
6

Day
7

Day
8

Day
9

Day
10

r 0.751 0.762 0.756 0.760 0.767 0.737 0.745 0.771 0.765 0.758

(All the correlation coefficients are significant at the 0.01 confidence level).
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observed daily PM2.5 concentrations and the simulated daily PM2.5 con-
centrations at different lead times are plotted in Fig. 9. Intuitively, the
day-to-day variation trends in themodel-estimated daily PM2.5 concen-
trations at different lead times are largely consistent with the observed
ones, such as the slow increase in PM2.5 concentrations from November
6th to 14th, November 26th to 28th, December 3rd to 9th, and Decem-
ber 16th to 21st; and for the relatively quick decrease in PM2.5 concen-
trations during the periods of November 15th to 24th, December 9th to
11st, December 15th to 16th, December 23rd to 24th and 29th to 31st.
However, there are two episodes with large biases that occurred from
November 30th to December 1st and December 25th to 26th, which
were themost seriously polluted periods during the twomonths. How-
ever, the daily mean PM2.5 concentrations are underestimated in most
of the simulations. The model-estimated daily mean PM2.5 concentra-
tions varied from 113.9 μg/m3 to 135.6 μg/m3 with an average of
124.2 μg/m3. That is, the model-estimated daily mean PM2.5 concentra-
tions at different lead times were approximately 3.6% to 19.0% lower
than the observed concentrations.

To quantitatively understand the capacity of the WRF-Chem model
combined with the GFS simulations in predicting the haze pollution in
downtown Beijing at different lead times, the statistics including the r,
RE, RMSE and NMEwere calculated on daily and hourly time-scales, re-
spectively (Fig. 10). Generally, the statistics on an hourly time-scale are
consistent with those on a daily time-scale. The correlation coefficients
decreased when the lead timewas prolonged on both time-scales. On a
daily (hourly) time-scale, the correlation coefficients varied from 0.17
(0.13) to 0.64 (0.58) with an average of approximately 0.44 (0.39). Ac-
cording to the critical values for the Pearson correlation, all the correla-
tion coefficients on both the daily and hourly time-scales are significant
at the 0.01 confidence level, with exceptions for day 9 and day 10. Sim-
ilar to the correlation coefficients, the RE values also decreased when
the lead time was prolonged on both time-scales. On a daily (hourly)
time-scale, the RE varies from−0.26 (−0.34) to 0.47 (0.39)with an av-
erage of approximately 0.15 (0.07). On a daily time-scale, the RE values
are larger than 0.0 and 0.2 in predictions of 1 to 8 days in advance and in
predictions of 1 to 5 days in advance, respectively. On an hourly time-
scale, the RE values are also larger than 0.2 in predictions of 1 to
5 days in advance.

In contrast to the RE and r, the RMSE and NME values increased
gradually when the lead time was prolonged on both time-scales. On
a daily (hourly) time-scale, the RMSE increased from 85.8 (103.1) to
Fig. 9. Curves of the observed daily mean PM2.5 concentrations and the simulated
130.0 (150.7) with an average of approximately 106.7 (125.1); the
NME increased from 37.5 (44.6) to 63.7 (73.3) with an average of ap-
proximately 49.3 (57.7). According to the statistics, it can be concluded
that by using the WRF-Chem model and GFS data, the predictions of
daily and hourly mean PM2.5 concentrations in downtown Beijing for
November–December 2015 are generally reliable for the maximum
lead times of 8 days and 5 days, respectively. In other words, the maxi-
mum lead time for predicting the daily mean PM2.5 concentration is
overall larger than the prediction for the hourly mean PM2.5 concentra-
tion, and the predictability of the daily mean PM2.5 concentration is
overall better than that of the hourly concentration.

As demonstrated above, the severe haze pollution in November–De-
cember 2015 could be attributed to the anomalous local weather condi-
tions, in addition to the pollutant emission, such as the reduced wind
speed and the increased relative humidity. We further examined what
the prediction efficiency of the simulations for the local wind speed
and relative humidity were at different lead times. The observed daily
mean relative humidity and wind speed in downtown Beijing for No-
vember–December 2015 in comparison to the model-estimated con-
centration within predictions of 1 to 10 days in advance are presented
in Fig. 11a and b, respectively. It can be observed that the daily fluctua-
tion trends in the model-estimated local wind speed and relative hu-
midity are generally consistent with the station-observed findings
with a few exceptions. To measure the consistency quantitatively, we
estimated the r and RE statistics for the relative humidity and wind
(Fig. 12). On a daily (hourly) time-scale, the r between the simulated
relative humidity and the observed humidity varies from 0.43 (0.39)
to 0.69 (0.67) with an average of approximately 0.57 (0.54), and all of
them are significant at a 0.01 confidence level (Fig. 12a); the r between
the simulated wind speed and the observed one varies from 0.27 (0.23)
to 0.91 (0.80) with an average of approximately 0.73 (0.58); all of them
are also significant at the 0.01 confidence level with one exception in
day 10 (Fig. 12b). As expected, the r decreased gradually with a
prolonged forecasting time. Unlike the correlation coefficients, the RE
values for the relative humidity and wind speed simulations decreases
dramatically compared to the PM2.5 simulations. On a daily (hourly)
time-scale, the RE for the relative humidity at different lead times varies
from −0.61 (−0.40) to 0.02 (0.14) with an average of approximately
−0.24 (−0.08); and it varies from −6.14 (−4.91) to −3.37 (−3.16)
with an average of approximately −4.32 (−3.78) for wind speeds.

Why did the RE values drop dramatically while the correlation coef-
ficients were reasonably high for the humidity and wind speed simula-
tions? We speculated that these phenomena could be primarily
attributed to the large deviations between the simulations and the ob-
servations, although their fluctuations were consistent. Intuitively, the
simulations systematically overestimated the wind speed and
underestimated the relative humidity simultaneously. As shown in
Fig. 3, the mean relative humidity andwind speed in downtown Beijing
over November–December 2015 were 72.4% and 1.49m/s, respectively.
For the predictions from 1 to 10 days in advance, the model-estimated
daily mean PM2.5 concentrations in different leading times (day1 to day10).



Fig. 10. Statistics for the observedmean PM2.5 and simulated concentrations for different lead times on daily and hourly time-scales (the critical values for r that are significant at the 0.01
confidence level on daily and hourly time-scales are 0.33 and 0.18, respectively).
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mean relative humidity varied from 59.9% to 65.6% with an average of
63.2%; the model-estimated mean wind speed varied from 2.40 m/s to
2.84m/swith an average of 2.63m/s. Themodel-estimatedwind speeds
at different lead times were approximately 60.8% to 90.4% with the av-
erage of 76.3% being higher than the observed wind speed; the model-
estimated relative humiditieswere approximately 9.4% to 17.3%with an
average of 12.8% lower than the observed relative humidity. In view of
these findings, the high correlations accompanied by the low RE statis-
tics between the observed and the simulated humidity and wind speed
are reasonable overall. The overestimated wind speed and/or the
underestimated humidity are conducive to underestimating the PM2.5

concentration in simulations due to their important roles in the
Fig. 11. Curves of the observed daily mean relative humidity (a) and wind speed (b) compared
pollution days).
formation, accumulation, or diffusion of air pollutants. For example,
during episodes of extremely serious haze pollution (as indicated by
the shaded bars in Fig. 11), the relative humidities (wind speeds)
were distinctly underestimated (overestimated), especially around the
25th of December. Thus, the simulations almost failed to predict the ex-
tremely severe haze pollution from the two episodes due to their poor
performance in capturing the wind speed and relative humidity.

4. Discussions

In this study, the kinetic energy index was used in an innovative
manner to evaluate the clearance capacity of the atmosphere for air
to the simulated at different lead times (the two shaded bars indicate the extremely haze



Fig. 12. Statistics for the observed relative humidity (a, b) andwind speed (c, d) and the simulated at different lead times on daily and hourly time-scales (the critical values for r significant
at the 0.01 confidence level on daily and hourly time-scales are 0.33 and 0.18, respectively).
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pollutants in downtown Beijing on monthly to seasonal time-scales.
Generally, the kinetic energy transfer from the free atmosphere to the
planetary boundary layer can cause an energy increase at the near-sur-
face, which is favorable for the transport, diffusion, and removal of pol-
lutants. Compared to the climatologically normal level, the kinetic
energy decreased significantly in the upper troposphere and then led
to a little energy transfer to the planetary boundary layer over most of
northern China in November–December 2015, setting up a favorable
condition for the air to be more stagnant and then leading to extreme
haze pollution. Although we need more tests to make improvement
(i.e., not the vertical integral for the entire air column) and evaluations,
we checked that the kinetic energy indexwould be a great potential fac-
tor for predicting or evaluating the haze pollutions in downtown Beijing
and its neighboring areas in operations in this study.

The daily variation trends in the model-estimated PM2.5 concentra-
tions for different lead times were highly consistent with the observed
concentrations. The statistical indices suggested that a highly skillful
and reliable prediction technique for the daily and hourly PM2.5 concen-
tration (or haze pollution) forecasts in Beijing or even in a larger region
would be expected for predictions of 8 days or longer time in advance,
although the predictability gradually decreased with the lead time.
However, the simulations almost failed to capture the extremely severe
haze pollution of the two episodes (on the 1st and 25th of December,
the daily mean PM2.5 concentrations were higher than 500 μg/m3),
which may be due to the high underestimation (overestimation) for
the relative humidity (wind speed) in the simulations. However, their
contributions were not identified clearly due to many uncertainties,
such as the lack of absolutely real emissions on hourly and daily time-
scales, and the unclear understanding of the secondary aerosols gener-
ated by the complicated physical and chemical reactions. The regional
transport of pollutants played an important role in the heavy pollution
in Beijing (Zheng et al., 2015a; Wang et al., 2013; Tao et al., 2014),
even under stationary condition (Wang et al., 2014b).By contrast, Guo
et al. (2014) noted that the impact of the regional PM2.5 transport is
negligible during the polluted period. As mentioned above, it was
calm and steady overall in downtown Beijing in November–December
2015. In this study, we did not explore whether the persistently severe
haze pollution was affected or not by the regional PM2.5 transport and
what the influencing processes were. To better improve the predictabil-
ity and prediction precision for severe haze pollution on a medium-
range time-scale, a series of emission reduction simulation tests will
be necessary in the near future.

We noted that, not only on hourly time-scale but also on daily time-
scale, the r and RE (RMSE andNME) values were abnormally low (high)
for a lead time of 6 days (Fig. 10, Fig. 12). It is immediately unclear why
the prediction skills for a lead time of 6 days (day 6) were relatively
worse than they were for the longer lead times (i.e., day 7 and day 8).
Itmay be an accidental phenomenon in the simulations, or itmay reflect
a very complicated issue that is contained in the middle-range forecast
for PM2.5 concentration.

5. Conclusions

Based on the hourly PM2.5 concentrations andmeteorological factors
observed in downtown Beijing and the ERA-Interim reanalysis datasets,
a series of statistical analyses have been executed to explore the possi-
ble influence of meteorological conditions on the severe haze pollution
in downtown Beijing over November–December 2015. Second, a high-
resolution simulation conducted by using the WRF-Chem model and
GFS data were performed to examine the predictability of severe haze
pollution on synoptic to medium-range time-scales. The primary con-
clusions can be summarized as follows.

During November–December 2015, severe haze pollution hit down-
town Beijing with daily mean PM2.5 concentrations of N140 μg/m3. Our
analysis indicates that the severe haze pollution was attributed to
anomalous local meteorological conditions to a great extent, such as
the decreased wind speed and boundary layer height, the increased rel-
ative humidity and thermal inversion in the lower troposphere, which
are conducive to the accumulation and hygroscopic growth of pollut-
ants and then the formation of haze pollution. We further found that
the anomalous local weather conditions were closely linked to large-
scale atmospheric circulations, such as the anomalous southeastern
winds that were associated with the weakened land-sea thermal con-
trast in the lower troposphere, the weakening of the East Asian trough
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in themiddle troposphere and East Asian jet stream in the upper tropo-
sphere, and the anomalously higher water vapor over most of northern
China. A preliminary inference showed that the abnormal changes at
the tropopause may be a trigger point for the anomalous middle-
lower troposphere and local meteorological conditions. The kinetic
energy index was used, and the results showed that this index would
be a great indicator for evaluating or predicting the haze pollution in
Beijing and its adjacent areas on monthly to seasonal time-scales.

The simulations showed that the WRF-Chemmodel combined with
GFS data can capture the spatial distribution patterns of PM2.5 concen-
trations for predictions of 1 to 10 days in advance. The variation trends
in the PM2.5 concentration for downtownBeijingwere generally in good
predictability on both daily and hourly time-scales, although they de-
creased gradually as the lead times were prolonged. The predictability
of the daily mean PM2.5 concentration is slightly better than that of
the hourly concentration. The statistical indices suggested that the pre-
dictions of daily and hourly mean PM2.5 concentrations in downtown
Beijing for November–December 2015 were generally skillful and reli-
able formaximum lead times of 8 days and 5 days, respectively. Simula-
tions for PM2.5 concentrations not only depend on the pollutant
emission, parameter settings and model itself, but also depend more
on the initial meteorological fields and lateral boundary conditions. To
improve the weather forecast, a highly skillful and reliable prediction
technique for the daily and hourly PM2.5 concentration (or haze pollu-
tion) in Beijing or even over larger areas on a medium-range time-
scale would be expected.
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