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Highlights

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

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

formation.

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

(4) The wind speed to bal ance emission-clean processes was cal cul ated.
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Abstract

During recent winters, hazes often occurred iniBgjjcausing major environmental
problems. To understand the causes of this “Beliage”, a haze episode (from Oct.
21 to Oct. 31, 2013) in Beijing was analyzed. Dgrihe episode, the daily mean con-
centration of fine particulate matter (M reached a peak value of 2g6/m® on
Oct. 28, 2013, and rapidly decreased toufim® the next day (Oct. 29, 2013). This
strong variability provided a good opportunity ttudy the causes of a “Beijing
Haze”. Two numerical models were applied for thigdg. The first model is a chemi-
cal/dynamical regional model (WRF-Chem). This madeinainly used to study the
effects that weather conditions have onjBMoncentrations in the Beijing region.
The results show that the presence of high airspresin northwest Beijing (NW-
High) generally produced strong northwest windshveiean upwind air. As a result,
the NW-High played an important role in cleaningjidg’s PM. However, the NW-
High's cleaning effect did not occur in every sttaa. When there was low air pres-
sure in southeast Beijing (SE-Low) accompanied bByVé-High, an air convergent
zone appeared in Beijing. The pollutants becamews&hed, producing high PM
concentrations in the Beijing region. The secondiehaised in this study is a box
model, which is applied to estimate some crucialapeters associated with the
budget of PM5 in the Beijing region. Under calm winds, the cédtions show that
continuous local emissions rapidly accumulate pafits. The PMs concentrations
reached 15@g/m® and 250ug/m® within one (1) day and two (2) days, respectively.
Without horizontal dilution, this estimate can bensidered as an upper time limit
(the fastest time) for the occurrences of haze tsventhe Beijing region. The wind
speed (W§ is calculated for the balance between the coatistemissions and at-
mospheric clean processes. The results show thaiVify is strongly dependent on
the planetary boundary layer (PBL) height and thedwdirection. Under SE-Low
weather conditions, the W8 2 m/s with a higher PBL height (700 m). Howeuer;
der lower PBL heights, the W$apidly increases, reaching 4.5 m/s and 7.0 mifs wi
PBL heights of 300 m and 200 m, respectively. Intst, under NW-High weather
conditions, the Wreduces to 2.5 m/s and 4.0 m/s. These resultestggat when
the prevailing wind in Beijing is a northwest witwlith wind speeds of > 4 m/s), par-
ticulate matter (PM) begins to decrease.

Keywords. PM, s Beijing, WRF-Chem, weather conditions
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(1) Introduction

Beijing, the capital of China, is a mega city watipopulation of more than 20 million.
In recent years, the city has experienced rapich@oical development and growth.
For example, in 2011, the number of automobiles @Wamsillion, and by 2016, this
number is expected to be 6 million. In 2013, theréase of gross domestic product
(GDP) was 7.7%. One negative byproduct of thisdamonomical development, es-
pecially in the past two decades, is that Beijiag been forced to endure heavy air
pollution, with particulate matter (PM) being orfeits top pollutants (Chan and Yao,
2008). The high concentration of PM causes a wage of environmental conse-
guences. According to a study by Tie et al. (2089posure to extremely high particle
concentrations leads to a great increase of lungesacasesdigh PM concentrations
also significantly reduce the range of visibilitpgng et al., 2008; Cao et al., 2012)
and enhance atmospheric acidity (Cao et al., 2018hina’s large cities. However,
high PM concentrations also have a bright sideey tleduce the photochemical pro-
duction of ozone, which is another harmful polldtaffecting human health (Tie et
al., 2005; Bian et al., 2007; Tie and Cao, 2009).

In the last decade, extensive efforts have beerernadharacterize the sources, prop-
erties, and processes of PM in Beijing. Recentistumhdicate that a large mass frac-
tion of ambient PM in Beijing is fine particles, which carbonaceous particles, sul-
fate, nitrate, and ammonium are major componentsn(@ et al., 2007; He et al.,
2001; Yang et al., 2011). The different sources toatributed to Beijing’'s PM con-
centrations have also been studied (Zhang et @L.3)2 Despite progress made by
previous studies, there are still some importargstans to be answered and ad-
dressed. In recent years, high concentrations wicfgaconcentrations are occurring
frequently in Beijing and its surrounding regior&h@ng et al., 2006; 2009), and a
very large variability of PM concentrations is ofteharacterized (He et al., 2014). It
is interesting to note that PM concentrations iaseeexponentially in the span of a
few days, with non-linear growth. According to adst by Quan et al. (2013), this
rapid increase in PM concentrations might involveiateraction between particles
and the planetary boundary layer (PBL); howevemamwsbudies are still needed in this

area.
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In order to analyze the causes and variability Mf iR Beijing, a high aerosol pollu-
tion episode, characterized by a large variabdityPM concentration is studied. The
episode occurred between Oct. 21 and Oct. 31, 2DUBng the episode, the daily
mean concentration of PMreached a peak value of 26§/m® on Oct. 28, 2013, and
rapidly decreased to 50y/m® the next day (Oct. 29, 2013). This strong varigbil
provided a good opportunity to study the causes ‘@Beijing Haze”. Two numerical
models are applied in this study. The first modehichemical/dynamical regional
model (WRF-Chem). The WRF-Chem model is a stat¢hefart regional dynam-
ical/chemical/aerosol model. This model is mainppléed to study the effects of
weather conditions on the regional transport asttidution of PM. The second mod-
el is a box model, and this model is mainly usedlie budget analysis of the mass of
PM in Beijing, such as quantifying the effect offage emission accumulation on the
growth of PM and the advection of PM with differemieteorological parameters

(wind direction, wind speed, and the PBL heightjhie Beijing region.
(2) Methods

Numerical models are extensively used in this stlithe first model is a state of the

art regional dynamical/chemical/particle model (WRRem), and the second model

is a box model. Detailed descriptions of the modedsas follows

2.1 WRF-Chem Model

The main objectives of this study are to apply giamal chemical/dynamical model,
to analyze measurements, to evaluate the modebimparing the model result to the
measured data, and to study PMariability in the Beijing region. The model used
this study is a regional chemical/transport motlééather Research and Forecasting
Chemical model — WRF-Chem). There are two majotspaf the model, namely, a
dynamical model (WRF) and a chemical model (Chérhg Weather Research and
Forecasting (WRF) Model is a next-generation meseseumerical weather predic-
tion system designed to serve both operationacéstng and atmospheric research
needs. The effort to develop WRF has been a catiéive partnership, principally
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among the National Center for Atmospheric Rese@DAR), the National Centers
for Environmental Prediction (NCEP), the Forecagst®&ns Laboratory (FSL), the
National Oceanic and Atmospheric Administratiore tir Force Weather Agency
(AFWA), the Naval Research Laboratory, Oklahomavarsity, and the Federal Avi-
ation Administration (FAA). The WRF model is a fulcompressible and non-
hydrostatic Euler model. Thirty-five vertical legedre used in a stretched vertical grid
with spacing ranging from 50 m near the surfac&@@ m at 2.5 km and 1 km above
14 km. The model employs the Lin microphysics sobdhin et al., 1983), the Yon-
sei University (YSU) PBL scheme (Noh et al., 20Ghg Noah land-surface model
(Chen and Dudhia, 2001), the long-wave radiatiorap@terization (Mlawer et al.,
1997), and the shortwave radiation parameterizgfidhia, 1989). Detailed infor-
mation regarding the parameters used in the WRFeinedch as the PBL scheme,
the land surface scheme, the microphysics schemdetha cumulus cloud scheme can
be found at the WRF website (http://www.wrf-modad/avrfadmin/docs/arw_v2.pdf),
and the WRF model is documented by Skamarock €2@038).

In addition to dynamical calculations, a chemicaldel is “online” coupled with the
WRF model (WRF-Chem). Grell et al. (2005) providgesre details about the WRF-
Chem. The version of the model used in the prestediy (Tie et al. 2007) includes an
online calculation of dynamical inputs (winds, teergture, boundary layer, clouds,
etc.); transport (advection, convection, and ditio¥ dry deposition (Wesely, 1989);
gas phase chemistry, radiation, and photolysis r@tedronich and Flocke, 1999; Tie
et al., 2003), and surface emissions (includingrme calculation of biogenic emis-
sions). The chemical mechanism used is the RADMEgighal Acid Deposition
Model, version 2) gas-phase chemical mechanismn@le al., 1989), which in-
cludes 158 reactions among 36 species. The aarashiles used in the study are de-
scribed as the aerosol module developed by EPA CMMEDsion 4.6) (Binkowski
and Roselle, 2003). The inorganic aerosols areigiggtlin the WRF-Chem model
using ISORROPIA (version 1.7) (http://nenes. ededaedu/ISORROPIA/), which
calculates the composition and phase state of anasmm-sulfate-nitrate-chloride-
sodium-calcium-potassium-magnesium-water inorgaaécosol in thermodynamic
equilibrium with gas phase precursors. The secgndaganic aerosol (SOA) for-
mation is simulated using a non-traditional SOA eiddcluding the volatility basis-

set modeling method in which primary organic congrga are assumed to be semi-
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volatile and photo-chemically reactive and areritigted in logarithmically-spaced

volatility bins as previously described (Li et &011).

In this study, the domain of the numerical simalatis 10001000 km in a horizontal
region that is centered in Beijing City with a regmn of 10 km. The chemical lateral
boundary conditions are constrained from the restilh global chemical transport
model (MOZART-Model for OZone And and Related chemhiTracers), with the
aerosol formation modules (Tie et al., 2005; Emsnenal., 2010). The model ran
from Oct. 16 to Oct. 31, 2013, and only the resintimn the last 10 days (from Oct. 21
to Oct. 31) were used (the results from the fikat {5) days are considered as spin up
of the model calculations). The hourly emissionshi& region are based on the data-
base constructed by Streets et al. (2003; 2008, avhorizontal resolution of 0.16°.
The emissions are interpreted into the model réisolu10 km). The emission is
evaluated and adjusted (due to the changes irrafiffeyears between the inventory

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

2.2 Box Model

In order to perform a budget analysis, a simple inmdel, which is suitable for Bei-
jing City is established in this study. Accordirgrhass conservation, the RPMcon-

centration [X] can be calculated by the followirguation:

A[X]/ ot = [X]/ dt]g+ O[X]/ otly + O[X)/ otly + A[X)/ otlc+ A[X)/ otly (1)

Where o[X]/ ot represents the local change rate of;BMoncentrations in Beijing;

o[X]/ ot]¢ represents the change rate due to surface enss8[diy dt]; is the change
rate due to advectiory[X]/ dt]y is the change rate due to vertical mixingX]/ ot]c is

the change rate due to chemical reactions; & dt], is the change rate due to sur-

face deposition.

For the budget analysis, several assumptions wadenn this study, including (1)
for o[X]/ dt]c, the main chemical reactionsorrespond to the particle chemical for-

mation (secondary particles). In this case, we ddbis term into the emission term

6
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(9[X)/ ot]ec = o[X]/at]e + o[X]/dt]¢); (2) the particles are well mixed and uniformly
distributed inside the PBL height; (3) in a shomripd, the deposition term
(o[XJ/ ot]p ) is small, especially for fine particles; and (4)drder to perform the

budget analysis in Beijing City, we defined a hontal box as Beijing City, with the
city length and width of 100 km (shown in Fig. 1).

Under the above assumptions and definitions, Bgs(@implified to Eq. (2)

S[X)/ t = A[X]/ 3t]ec + O[X]/ ot]y + A[XV/ otly )

Whered[X]/ ot]ec represents the change rate due to both surfacesiems and sec-
ondary aerosol formation. With the assumption thatparticles are well mixed inside
the PBL, and the transport between the PBLH andrdeetroposphere is neglected,

the mean concentration in the box can be calculaged

XTor = X+ EM
Xor = X+ 5o

x At+ {(WS x [X])in— (WS x [X]hud/DL X At (3)
Where [X}.1 and [X} represents the PM concentration at time t and t+jg{m®),
and EM represents surface emissiqmgg/nf). PBLH stands for the PBL height (m);
At is the time step (1 hour); WS is the wind spesd$0 m (m/s); [X]) is the PM5s
concentration at the upwind boundary; [])s the PM s concentration at the down-
wind boundary; and DL is the city length (m). Irtela sections, we demonstrated
some important information regarding the formatxdrhazes, which can be obtained

by a simple box model.

(3) Results and discussion

3.1 Variability of PM sconcentrations

The calculated Plsconcentrations were compared with the measuregsBdhcen-

trations in Beijing. The measurement was providgddutine measurements from the
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Chinese Environment Protection Administration (&s@ EPA). Based on the availa-
bility of data, this study used five (5) sites. Amgathe five (5) sites, two (2) are locat-
ed in the center of the city (Dongshi (116.42398.9305N) and Auti (116.4068E,
39.9909N), and three (3) are at the edge of tlye(Sihunyi (116.6616E, 40.1367N),
Huairuo (116.6378E, 40.3226), and Changping (166E3 40.2264N)). The meas-
ured PM sconcentrations are hourly values, and the dailyaged values were com-

puted for the study.

Surface emissions of PM(g/s) were noted for each model grid (see FigA8)the
northwest area of Beijing has mountains and gradslawith a very small population,
the northwest wind transports clean air to Beijiag shown by the white arrow). In
contrast, in the south of Beijing, the populatisrvery dense, with several mega/large
cities. Thus, high Pksemissions are located in the south of Beijing, #redsouth

wind transports polluted air to Beijing (as shownthe black arrow).

The measured data was averaged to represent meaent@tions in Beijing (as
shown in the red bars in Fig. 3). RMoncentrations in a pollution episode from Oct.
21 to Oct. 31, 2013 in Beijing were calculated ameasured. This episode was cho-
sen because it has unique properties for analythi@egauses of heavy hazes in Bei-
jing. First, during this period, PM concentrations were high, with the maximum dai-
ly averaged concentrations of 2itg/m°. According to the definition by the Chinese
Meteorological Administration (CMA), a haze evesidefined by the following con-
ditions: visibility < 10 km and RH < 90%. Accordirtg the studies by Deng et al.
(2008) and Cao et al. (2012), the PMoncentrations corresponding to the definition
of CMA ranged from a daily mean of 50-106/n. Thus, the PMsconcentrations
can be considered as a heavy haze event. Secenelwhs a strong variability of the
PM, s concentrations. For example, there were threem@ima and two (2) mini-
mums during the episodes. In order to understaaddéluses of the strong variability
better, four periods (P-1, P-2, P-3, and P-4) vaeiined in the analysis. During P-1
(from Oct. 21 to Oct. 23, 2013), the Rhtoncentrations were high on Oct. 21 and 22
(with daily averaged concentrations of 75-120m"°), and decreased to a low value
on Oct. 24 (2Qug/m®). During P-2 (from Oct. 23 to Oct. 28), the Pd¢oncentrations
were low from Oct. 24 to Oct. 26 (less thanBm’), and then rapidly increased to
very high values on Oct. 27 and 28 (with daily agerd concentrations of 170-270

8
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ug/m’). During P-3 (from Oct. 28 to Oct. 29), the PMtoncentrations rapidly de-
creased from a very high value (2#/m°) to a low value (5Qug/m®). During P-4
(from Oct. 29 to Oct. 31), the PiMconcentrations steadily increased from&om®

to 120ug/m°. The four (4) periods represented different charéstics for the varia-
bility of PM,sconcentrations. P-1 showed a period that decraeassuthpe. P-2 indi-
cated a period that accumulated heavy haze. Pr@septed a rapid cleaning process

of the heavy haze, and P-4 suggested a heavy ehatrgteadily increased.

The model calculation shows that the WRF-Chem muael capable of simulating a
strong variability. The four (4) periods were wepresented in the model calculation,
indicating that the major factors, which affectbe wvariability, were included in the
model. As a result, the model result can be usexhédyze the variability of the epi-
sode. However, we noticed some discrepancies batiee modeled and measured
results. For example, the measured maximum on ZBcwas underestimated by the
calculationAs we will show in later sections, this underestiorais mainly due to a

complex of meteorological conditions.

3.2 Effects of weather conditions on the haze

Weather maps of the episode were drawn (see Fig)Oct. 24, there was an anti-
cyclone system with high air pressure (NW-High)aied in the northwest of Beijing.
This NW-High produced high northwest winds in theijBg region, which was typi-
cal for producing low particle concentrations injBg. On Oct. 27, there was a weak
system with very low winds in Beijing. This calmmi generally produced a concen-
tration of high particles. On Oct. 28, Beijing weendwiched between two (2) weath-
er systems. In the northwest of Beijing, there wasanti-cyclone (NW-High), with
north winds. In the southeast of Beijing, there \@asyclone (SE-Low), with south-
west winds. Under these conditions, the particlBufants in Beijing were trapped
between the two (2) systems, leading to high poltutOn Oct. 29, the SE-Low in the
south of Beijing retreated, and the anti-cyclonstesyn with a high air pressure center
located in the northwest of Beijing dominated. Tias similar to the weather condi-
tions on Oct. 24. As a result, the PM was rapiciynsported to the downwind region
of Beijing, leading to low pollution. The WRF-Chemodel can further investigate

the abovementioned effects of weather conditiontherPM sconcentrations.
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A horizontal distribution of PMs concentrations that corresponded to the different
weather conditions was modeled (see Fig. 5). On Bttthe PMs concentrations
were low. The spatial distribution shows that thd Was largely diluted in the
downwind region of Beijing due to high northwesthds. On Oct. 27, due to very
weak winds, PMsconcentrations strongly accumulated in Beijing Qigsulting in a
maximum of 400-50Qg/m® (hourly concentration at 8 a.m.) in Beijing CiGn Oct.
28, the weather conditions were quite more comgdtaFirst, the anti-cyclone was
enhanced in the northwest of Beijing, generatinghweest winds in the upwind re-
gion of Beijing. These conditions could have ledaw PM, 5 concentrations. How-
ever, there was also a cyclone system in the sasth@ Beijing, which combined
with south winds in the region. As a result, the RMollutants were sandwiched be-
tween the two (2) weather systems, producing aipoli belt and causing high BM
concentrations to be maintained in the BeijingoagAs we can recall, the calculated
PM, 5 concentrations underestimated the measured védaesn fig. 3). One explana-
tion for this is that under very complicated met¢ogical conditions, the regional
model has some trouble reproducing small-scale ongtegical features. Other rea-
sons could include uncertainties in emissions, @@y aerosol formation, and so
forth. On Oct. 29, the anti-cyclone in the northivalsBeijing was further enhanced,
and more importantly, the cyclone in the south efjiBg retreated. As a result, strong
northwest winds prevailed, and RMwas rapidly transported and diluted in the
downwind region of Beijing, leading to the end afalkry PM s event that occurred
during Oct. 27-28.

To understand the effects of weather condition®bh sdue to Beijing’s local emis-
sions, a model simulation is performed with Beijgmmissions only. The surface dis-
tribution of PM,sconcentrations was calculated (see fig. 6). Thisutation clearly
shows that the Phsplumes originated from Beijing. On Oct. 24, themks moved
southeast due to the strong northwest wind. On ©Xtthe plumes became concen-
trated in Beijing, causing locally high BMconcentrations. This result also suggests
that under calm wind conditions, the high P)doncentrations in Beijing were main-
ly affected by local emissions. On Oct. 28, thenpds were sandwiched by thé-
High and SE-Low, causing high PMsconcentrations in the center and south of Bei-
jing. On Oct. 29, the plumes were transportedhéosouth with a strong dilution.

10



336
337 3.3 Correlation between PMand important meteorological factors
338

339 The above analysis shows the overall relationsetpiéen weather systems and 2M

340 concentrations, and does not provide detailed inébion regarding the effects of ma-
341 jor meteorological factors associated with the weasystems on the RMconcen-
342 trations. In order to better understand the evotutf the haze events and the roles of
343 major meteorological factors for the formation eizbs, the Plk concentrations and
344 the corresponding meteorological factors were d¢ated, such as wind speed (WS),
345 PBL height (PBLH), and a combination of the WS &8l H, which is defined by the
346 product of WS and PBLH (COMB = WS x PBLH) (see Frg. All the WS and
347 PBLH are daily averaged values, which were compérteh hourly values. The re-
348 sults suggest that all three factors were stroaghy-correlated to the PM concen-
349 trations. The correlation coefficients between RMoncentrations and the WS, the
350 PBLH, and the COMB are -0.81, -0.86, and -0.7&eetvely (see Fig. 7 and Fig. 8).
351 It is worth noting that the correlation between 2\Mind the COMB has the lowest
352 correlation. This is due to the fact that the relahip of PMsCOMB has a non-
353 linear curve as compared to PMWS and PMsPBLH. At the low value of the
354 COMB, the concentrations of PMwere very sensitive to the values of the COMB.
355 For example, at the low side of the COMB, when @@MB values changed from
356 150 nf/s to 500 Vs, the PMsconcentrations rapidly reduced from 150 ghm 100
357 g/m’. In contrast, at the high side of the COMB, whka €OMB values changed
358 from 4,000 n¥s to 7,000 rffs, the PMsconcentrations only reduced from 50 ghm
359 40 g/n?. This result suggests that when both the WS aadPBLH are small, the
360 COMB is very sensitive to the PMMconcentrations. Any small changes of the COMB
361 can lead to a large change in theBkbncentrations.

362

363 Due to the high correlations of BMWS and PMsPBLH, the variability of PMs
364 concentrations corresponded with the variability toé WS, the PBLH, and the
365 COMB. For example, during the period between Odtad 27, the daily averaged
366 PM,sconcentrations steadily increased from 40 to Ag/én. The corresponding WS
367 decreased from 5 m/s to 1 m/s; the PBLH reduceah 200 m to 300 m, and the
368 COMB declined from 6,000 ffs to 500 r¥s. During the period between Oct. 29 and
369 Oct. 31, the daily averaged BMconcentrations steadily increased from 50 to 150

11
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ug/m®. The corresponding WS decreased from 3.5 m/stws] the PBLH reduced
from 1,000 m to 400 m; and the COMB declined frofs0® nf/s to 300 rfis. In ad-
dition to the winds and the PBLH, the relative hdityi (RH) is also correlated to the
haze events in Beijing (Zhang et al., 2014). Urlidgh RH values, the hygroscopic
growth of aerosol particles is significantly enhedicleading to the reduction of visi-
bility. This effect is out of the scope of thisdyu

3.4 Budget analysis

In order to use this simple box model for the budgelysis, Eq. (3) is first used to
calculate the daily mean concentration during theviy haze episode from Oct. 23 to
27 (see fig. 9). Three calculations were carrietwith the following assumptions:
(a) only primary PMsemissions are included. According to an estimati@de by

He et al. (2014), within 100 km x 100 km area ikatentered in Beijing (as indicated
in the black box in fig. 2), primary PMemissions are 320 Kton/year in the Beijing
region. The calculated result is shown by the giigen (b) secondary particles due to
the formation of sulfate and nitrate was includedhe calculation, with different per-
centages of gases (8@nd NQ) to particles (S@ and NQ) conversions. In addi-
tion to the inorganic secondary aerosol formatibare is also the formulation of sec-
ondary organic aerosol (SOA). As large uncertaiexjsts for estimating the for-
mation of SOA, this issue is left for future stuli@he surface emissions of Sé&hd
NOy are 210 Kton/year and 70 Kton/year in the 100 kd0® km area, respectively.
The black line represents that there is a 100% esion between the gases and parti-
cles. In other words, both $S@nd NQ are released in the particle phase. When calcu-
lating, the PBLH, the WS, iXand X, are used to calculate the daily averaged values
from the results of the WRF-Chem. The blue linerespnts that there is a 50% con-
version between the gases and particles, namédfyph&0O, and NQ is released in

the particle phase.

The results show that the calculations by the sinfjgix model are capable of repro-
ducing a large variability of the heavy haze evbnt,some discrepancies are also no-
ticeable (see Fig. 9). From Oct. 23 to 25, theuwated PM s concentrations ranged
from 40 to 60ug/m°) in the three cases, which were slightly highantthe measured
values (25-45ug/m°). After Oct. 26, both the calculated and measii®H s concen-
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trations rapidly increased. On Oct. 27, the catewlaPM s concentrations ranged
from 125-225ug/m?® in the three (3) cases, compared to the measuled @ 155
ng/m. On Oct. 28, the calculated Bllconcentrations reached to a maximum, rang-
ing from 175-35Qug/min the three (3) cases, compared to the measuted v&255
ug/m®. On Oct. 29, both the calculated and measured sRidncentrations rapidly
decreased from the maximum. However, the meas\atr \decreased in a more ag-
gressive way than the calculated values. This tatiom also suggests that with about
40% conversion between gases £{3@d NQ) to particles (S@ and NQ), the cal-

culation performs better than the measured result.

Another important issue is that the PBLH and eroissihave substantial diurnal vari-
ation. In the first one, we assume that the abawedalculations use daily averaged
values of the PBLH and emissions. In order to deitee the effects of diurnal varia-
bility on the calculation, the results (see fig) Hde recalculated with the following
three (3) cases: (1) including the diurnal variataf PBLH only (PBLH-only), (2)
including the diurnal variation of emissions onBMIS-only), and (3) including both
the diurnal variations of the PBLH and emission©TB1). The case containing the
daily averaged values of the PBLH and emissions fige 9) is also included in the
figure. All calculations assumed 50% conversionsvben gas and aqueous phases.
The result indicates that the diurnal variationdhaf PBLH and emissions have im-
portant effects on the calculated concentrationBMfs. The PBLH-only calculation
has a tendency to be higher than RMoncentrations, especially during haze days. In
contrast, the EMIS-only calculation seems to beelothan the PMs concentrations.
With the BOTH calculations, the overestimation (PBanly) and the underestima-
tion (EMIS-only) balance each other. As a resulhew using both the PBLH and
emission variation, the calculated PMtoncentrations are closer to the default calcu-

lation (the constant daily values of PBLH and einiss).

To understand the important processes controlliegfarmation of heavy haze better,
several sensitive studies were performed by therbodel. At first, we assumed that
there was no horizontal dilution (a condition ofncavinds), and the Plkcontinu-

ously released into the city box. Eq. (3) can heriteen as

13



437

438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

[X) = [X]e+ X At 4)

PBLH

We showed the temporal evolution of calculated, Pbbncentrations by applying Eq.
(4) (see fig. 11). The results show that with combius PM s emissions, the P4
concentrations increased linearly. This result ao provide a time scale for BMto
reach different haze levels. As no advection exibes results provide the fastest time
(upper limit) for the occurrences of haze events.dxample, according to the results,
for PM, 5 concentrations reaching 15@/m3, the time required for the accumulation
of PM, 5 emissions is 16 hours, 24 hours, and 32 hour$, ¥0%, 40%, 0% gas to
particle conversions, respectively. For PMoncentrations reaching to 25@/m’,

the time required due to PM emissions is 32 hours and 44 hours with 100% and
40% gas to particle conversions, respectively.dfuse 40% as a standard calculation,
within one (1) day, the P concentrations can reach 16/m?, and within two (2)
days, the PMs concentrations can reach 2&@n. The PBL height was set-up to be

1,000 m for all the above calculations.

Eq. (4) also assumes that the RMemissions are vertically mixed inside the PBL
heights. As a result, the Blconcentrations are very sensitive to the PBLHs{Taly
the sensitivity of the Pl concentrations to the PBL heights, we used Eqwith)
the following conditions: 40% gas to particle corsiens and 36 hours aft. The cal-
culated result suggests that PMoncentrations are very sensitive to the PBL hsigh
The calculated Pl concentrations of 20@g/m®, 350ug/m®, and 600ug/m?, corre-
spond to the PBL heights of 1,000 m, 500 m, and rB0@espectively (see Fig. 12).
More importantly, the relationship between PiMoncentrations and PBL heights is
non-linear. For example, the ratio between,Blbncentrations and PBL heights (Rp
= A[PM2g)/A[PBL]) is 0.12pg/m’ for the PBL heights of 1,200 m. However, when
the PBL heights reduced to 300 m, the ratio of Ripasced to 2.ag/m". This rapid
increase in the ratio suggests that at lower PBghte, the PMs concentrations are
extremely sensitive to the PBL heights, and anyllsamanges in PBL heights could

lead to significant changes in Blconcentrations.

The next analysis is to understand the city liniiatmnospheric pollutants. From the

expression of the mass balance equations (2) gnavf@n the emissions of pollu-
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tants is balanced by such removal processes (wanapd diffusion), it can be ex-

pressed by

EM
ooy WS X XD — (WS xDhaiDL =0 (5)

The wind speed (WS) for reaching the balance caexpeessed by

EM

WS = (5or7) /(((XDoue = [X])w)/DLY (6)

The WS is the expression for the required wind speedetich a balance between
continuous emissions and atmospheric cleaning psese The physical meaning of

WS, can be expressed by:

(a) WS <WS PM concentrations increase (an accumulation fnode
(b) WS = WS PM concentrations remain constant (a neutralepod

(c) WS >WsS PM concentrations decrease (a cleaning mode)

In calculating, the 40% gas to particle phase cmiwes for both S@and NQ are
assumed according to the calculation shown (see JigThe [X}: is set at 200
ng/m® for presenting pollution. The two [¥]values (20ug/m® and 100ug/m®) are
applied in the calculation. With northwesterly winlde upwind regions of Beijing are
relatively clean of PM (as shown in Fig. 2), ane tralue of 20ug/m® is used for
[X]in. In contrast, with southerly wind, the upwind k&g of Beijing are relatively

dirty, and the value of 108g/m® is used to present a polluted regional backdrop.

Eq. (6) also shows that the value of WS&sensitive to the PBL height. The W#-

der different PBL heights is calculated (see Fi8). The results show that the WS
values strongly vary with the PBL heights. In these of 2Qug/m® for [X]in, when the

PBL heights are higher than 700 m, the variatioWs, is small (close to 1 m/s).
This result implies that under the NW-high and tie&dy high PBL conditions, the
PM can be easily cleaned by advection, and PMhaittlly accumulate to form haze.
The WS rapidly increases when the PBL heights are lolwan 400 m. For example,
the WS values are 2.5 m/s and 4.0 m/s with the PBL heigiit300 m and 200 m,
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respectively. This result suggests that when teegiling wind in Beijing is a north-

west wind (the NW-High condition) and the wind spé® greater than 4 m/s, the PM
is under a cleaning mode. This general concluskuludes the extreme case that
when the PBL heights are very low (100 m), it regsithe wind speed of 7.8 m/s to

switch from the accumulation mode to the cleanirgien

In the case of 10fg/m® for [X]i, under an SE-Low, the required wind speed to switch
from the accumulation mode to the cleaning modggsificantly higher than the first
case. For example, when the PBL heights are hittaer 700 m, the values of the
WS, is about 2 m/s. With a shallower PBL, a higherdvapeed is needed to switch
from the accumulation mode to the cleaning mode. ikstance, the values of the
WS, are 4.5 m/s and 7 m/s, with the PBL heights of 808nd 200 m, respectively.
Under the extreme case of 100 m for the PBL hejghtequires the wind speed of
13.6 m/s to switch the PM from the accumulation enéal the cleaning mode. This
result suggests that when the prevailing windssath wind (under the SE-Low con-
dition), the required wind speed needed to switehh PM from the accumulation

mode to the cleaning mode is very high, especiailyer low PBL conditions.

4, Summary

In recent times, high PM concentrations have often occurred during the exjint
causing a serious haze problem in Beijing. To stiity “Beijing Haze”, a haze epi-
sode (from Oct. 21 to Oct. 31, 2013) in Beijing veamlyzed. During the episode, the
daily mean concentration of BM reached a peak value of 256/m® on Oct. 28,
2013, and rapidly decreased to E§m’® the next day (Oct. 29, 2013). With a large
and rapid variability, the high PM concentrations have provided a good opportunity
to study the causes of the formation of the haze¢his study, two numerical models
were applied. The first model was a chemical/dyrmainregional model (WRF-
Chem), which was mainly used to study the regiefigcts of weather conditions on
PM, s concentrations in the Beijing region. The secormteh was a simplified box
model, which was applied to estimate some crucahimeters regarding the PM in

the Beijing region. The main findings of this stuahg summarized as follows:

(1)The city of Beijing is in a special geographicatdtion. In the northwest area of
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Beijing, there are mountains and grasslands, witlerg small population. As a
result, the northwest wind transports clean aBéging. In contrast, in the south
of Beijing, the population is very dense, with sedvenegal/large cities. Thus, the
south wind transports polluted air to Beijing. Withhis particular geographical
location, weather conditions majorly influence thbemation of haze in Beijing.

When a high air pressure system appears in nortt®egjing (NW-High), it gen-

erally produces strong northwest winds with clegwiad air. As a result, the
NW-High plays an important role in cleaning the RivBeijing. However, when

there is a low air pressure in southeast Beijing-{8w) accompanied with a
NW-High, an air convergent zone occurs in Beijifidne pollutants are sand-
wiched between the two (2) systems, producing Rlyh s concentrations in the

Beijing region.

(2)The PM s concentrations are significantly affected by looadteorological fac-

tors, such as wind speed (WS), PBL height (PBLHY @ combination of the WS
and the PBLH, which is defined by the product & WS and the PBLH (COMB
= WS x PBLH). The correlation coefficients betweel, s concentrations and
the WS, the PBLH, and the COMB are -0.81, -0.8G] &h78, respectively.
There is a non-linear correlation between the ;PMoncentrations and
PBLH\COMB, while the correlation between the PMoncentrations and WS is

nearly linear.

(3)The budget analysis shows that with calm winds ematinuous surface emis-

sions, the daily mean PM concentrations can reach 1p§/m® within one (1)
day, and 25Qig/m® within two (2) days. This suggests that the curenission

levels are high and can easily cause the formatidvazes.

(4)The wind speed for reaching a balance betweenmaanis emissions and atmos-

pheric clean processes (WSs studied. The result shows that WS strongly

dependent on the PBL height and the wind directiomder an SE-Low, the WS
is 2 m/s with a higher PBL height (700 m). Howewerder lower PBL heights,
the WS rapidly increases, reaching 4.5 m/s and 7.0 mith, RBL heights of 300
m and 200 m, respectively. In contrast, under a Nigh, the WS reduces to 2.5
m/s and 4.0 m/s. This result suggests that wheprinailing wind in Beijing is a

northwest wind (with a wind speed of > 4 m/s), B is under a cleaning mode.
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719 Figure Captions
720
721

722 Figure 1. A schematic picture of the 100 km x100 km horiabitox representing
723 Beijing. The vertical height of the box is the PB&ight. The surface emissions of
724 the primary PMsand SG+NOy are 320 and 270 Kton/year, respectively.

725

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

727 regions, which are used in the model calculatidme Black box shows a 100 km
728 x100 km domain centered in Beijing. The white amack arrows represent the
729 northwest and south/southeast winds, respectively.

730

731 Figure 3. The calculated (green bars) and measured (redl daitg mean PMs con-
732 centrations in a pollution episode from Oct. 2Dit. 23, 2013 in Beijing. The P-
733 1, P-2, P-3, and P-4 indicates different period#h @ifferent variability of PM s
734 concentrations.

735

736 Figure4. The weather maps during the pollution episodeO0n 24, there was an
737 anti-cyclone system with a high air pressure (NVgfilocated in northwest of
738 Beijing. On Oct. 27, there was a weak system wétty low winds in Beijing. On
739 Oct. 28, Beijing was located between two (2) weaslystems. In the northwest of
740 Beijing, there was an anti-cyclone (NW-High), andhe southeast of Beijing,
741 there was a cyclone (SE-Low), with southwest wir@is.Oct. 29, the SE-Low in

742 south of Beijing retreated, and the anti-cyclongtey with a high air pressure cen-
743 ter located in the northwest of Beijing dominated.
744

745  Figure 5. The modeled horizontal distribution of B¥concentrationsug/m®)

746 corresponding to different weather conditions (&pe3).

747

748 Figure 6. Same as Fig. 5, except that emissions in the wuding areas are excluded,
749 and only local emissions in Beijing are used inrtiezlel.

750

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

752 meteorological factors, such as wind speed (grees)bPBL heights (blue bars),
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and a combination of the WS and PBLH, which is mdi by the product of the
WS and the PBLH (brown bars).

Figure 8. Dispersion plots and correlation coefficients besw PM s concentrations
and the WS (green dots), the PBLH (blue dots),tardCOMB (brown dots). The

values of coefficients are -0.81, -0.86, and -Or@&8pectively.

Figure 9. The calculated daily mean concentration during Hbavy haze episode
from Oct. 23 to 29 using the box model. Three maddtulations with different
percentages of gases (S&hd NQ) to the conversion of particles ($Gand NQ)
are performed, including (a) 100% (black line), 88% (blue line), and (c) 0%

(green line). The red line represents the measasadt.

Figure 10. The calculated daily mean concentration duringbavy haze episode
from Oct. 23 to 29 using the box model. Four marddtulations with different di-
urnal variations: (1) including the diurnal varati of PBLH only (blue line), (2)
including the diurnal variation of emissions ongyrden line), (3) including both
the diurnal variations of the PBLH and emissioniadk line), and (4) daily aver-
aged values of the PBLH and emissions (red lindl) calculations assume 50%

conversions between gas and aqueous phases,

Figure 11. The calculated evolution of PM concentrations under calm wind condi-
tions. Three model calculations with different mertages of gases ($@nd NQ)
to the conversion of particles ($0and NQ) are performed: (1) 100% (green
line), (2) 40% (red line), and (3) 0% (blue lin&he triangles show the calculated

concentration levels at 150 and 2&§im®.

Figure 12. The variation of calculated PM concentrations with different PBL

heights, under calm winds.

Figure 13. The calculated values of the W@he required wind speed to reach a bal-
ance between continuous emissions and atmospHedn processes) at different
PBL heights. The blue line and red line represkeatrtorthwest and south wind di-

rections, respectively.

23



City Length

City
Wide
' ZAN Horizonta
Horizontal - Vertjcal mixing Flux out

Flux in

PBL Height
(PBLH) :

------------------------------------

-

The city length = 100 km
The city wide =100 km

PM, . particle emission rate = 320 kton/year
SO, and NOx emission rate = 270 kton/year

F1




37 38 39 40 41 42 43 44

36

......

111 112 113

114 115 116 117 118 119 120 121 122

...........................

1o TTo 117 Tle 119 120 121 122

-1 2

F2

111

112 110 114 1

3

510 20 a0 o oo

PM2.5 emis (g/s)



PM2.5 (ug/m3)

300

250

200

150

100

50

21

22 23 24 25 26 27 28 29 30 31
Days in Oct-2013

F3




Oct-24, anti-cyclone
with high winds

Yo N

v X8 -l

Oct-27, weak system

with low winds

7YX

v

44°N =

36°N =

' Oct-28, between 2

systems with weak
winds in between

Oct-29, anti-cyclone

Y

F4

E

winds
\‘»,




IAAT o, LS
\\\\\\\\ \ ” \

\qsﬂ\\q\w% \ 1y \\ -3
T A SN S Ty
§ e

X

117°E

.......

15°E 116°E

1

PM, 5 (ug/m?3)

F5



A

[

\ : : . m ; ; . ;
AR TS Ny e e 2T T L T T IANANN
//M N A s sl | NN

] _

,m /%f\m\”\x\\t\\/ W)

I A W SO Y I AR ||| N CANE B (RSN 3 S S S S SO T R N e

B2l Tt A A .
LA ST A S
S O DI A

MRS AN

r4

77

o Ziy i oy
p . . :

s g 771
A

= A AT
o V\VV\\NN.%\ A L AN
S e T \x“«

P 7k - A TIENN
PSPy IR S 1NN TSR B\ AN

LV WO S W O

PM,  (ug/m3)

F6



1
o
o
(a\]

o o o

LN o N

i —
(€w/8n) 5"TINd

o

n < n N 4 O

(s/w) paads puim

(wy) H14d

(g}

(000T 4 S/T) H19d + SM

o

-2013

Days in Oct

F7



180 180
160 160
140 140
= 120 ™ 120
E &
® 100 80 100
2 2
o 80 8o
p
& 60 2 60
40 40
20 20
0 0
2 3 4 0 0.5 1 1.5
WS (m/s) PBLH (km)
250
200
=
£ 150
S~
ES
in
(o]
S 100
o
50
0
4
WS x PBLH (1/s * 1000) F8




PM2.5 (ug/m3)

400 -
=®=\ea PM

330 | «@e=cal PM + 100% SA

=@~ Cal PM + 50% SA
300 -

=®-Cal PM + 0% SA
250 -
200 -
150 -

100 -

50 -

23 24 25 26 27 28 29

Days in Oct-2013



400 -
=®=Both

350 7 —@=CONSTANT
300 _ -.-PBLH onIy

=®=EMIS only
250 -

200 -

PM2.5 (ug/m3)

150 -

100 -

23 24 25 26 27 28 29
Days in Oct-2013

F10



PM2.5 (ug/m3)

400

350

300

250

200

150

100

50

“®-0% SA
=8-=40% SA
®-100% SA

Hours

F11




1000

900

800

700

600

500

400

PM2.5 (ug/m3)

300

200

100

02 03 04 05 06 07 08 09
PBLH (km)

1

1.1

1.2

F12




= = = =
o N & (@)
| | | J

(000]
|

Balanced WS (m/s)

O I I I I I I I I I 1
100 200 300 400 500 600 700 800 9S00 1000

PBL (m)

F13




