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Recent Advances in, and Future Prospects of, Research on Haze
Formation over Beijing—Tianjin—Hebei, China

MIAO Yucong, ZHENG Yijia, WANG Shu, and LIU Shuhua

Department of Atmospheric and Oceanic Sciences, School of Physics, Peking University, Beijing 100871

Abstract Recent progress in understanding the haze formation over the Beijing—Tianjin—Hebei area was systematically
reviewed, including the long-term trend in haze days, the synoptic characteristics during haze formation periods, and
source apportionment of the primary pollutant, PM2.5. The studies show that haze days in Beijing began to decline from
2000, as well as the mass concentration of PM2.5. However, the annual PM2.5 mass concentration for 2013 in Beijing
was 89.5 pg m>, i.e., almost three times the national standard (35 pg m>). Thus, the heavy pollution over the
Beijing-Tianjin—Hebei area demands effective control. Studies also show that the frequent occurrence of haze over the
Beijing-Tianjin—Hebei area is caused by a combination of stable synoptic conditions and heavy pollutant emissions. The
regional transport of pollutants plays an important role in regional haze episodes, and local atmospheric boundary layer
processes over the Beijing—Tianjin—Hebei area (mountain—valley breezes, sea—land breezes, and urban heat island) can
result in accumulation of pollutants and exacerbating the local air quality. Additionally, a two-way feedback process
between atmospheric boundary layer evolution and pollutants accumulation contributes substantially to the haze formation.

To control the heavy pollution over the Beijing—Tianjin—Hebei area, joint efforts among the cities in this cluster are
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AR EAS %R (2003) BIE X, $i2fE KR
AN T Bk (UL PM2.5 k5 5] -V i e
23 g s A R VA R L 3 M T K RE L ZNT 10
km LR U9 THIKIRIRZ I, FELeg g ko
HIFRRL) oK KR, H om0 i - 25 (1)t
ikz, R Z HAMN RS, fReNES P
FEAK, KT 1 km W@ A%, TAE 1~10 km B
Mg e o (5k/NHAE, 2013) . HHUEAT L,
HARZEFNE S B T AR RIS, (HNE &
[FII A, HWHE Z AR A R,
2006); KATAFAE KEFIER Y2 55— s —
Z 2 [afi¥ (Deng et al.,2011; Zhang et al., 2012a;
WAL, 2014). YA ERIER, Ak
IS T P 245 M A BT G 3 3o 1 AR 40 1 3k
ANBCREIAH s TE R IR A WA IS s A Ve B T
[T (N P b /L s R T M
WLAL oy FAT WLAL 7Y, R ZEVRAH O fE, PeA
WAV RER . WEMRER S, AR %
% WEET I, WUk Ko 2k, R PEBUIG
5 G TR B A TR ) v

20 4 80 AFARLLE, A B [ &Gk
AN T A i e AR i in e, RIS K
27 H AR RGBS AR 20~30 4E N 7E
KERSPFRIAHX M E R Har, FRERTS
5 L3 5 H AR 48 1) S BT OB A S T W N SURL )
(PM10). SO, ¥5 Je4% [n LA RITRI A (PM2.5) Filv5
PSR (O34 SOp. NOY ZEHRAME ARG OF
I, 2014),

ST DAL T X I PR, Aedbor R
Jesi, LM SR FE AT LR L Lk
RIT 30 ARG TR ERNHX 2 —, 2
WA Yo E R X2 —, 20134 1 H,
A X T b ™ RS g Vg Y A
(Huang et al., 2014; if FI5KEHM, 2014; =1HA
TREML, 2014; W, 2014), ML T AR
SR O E A R, B YY) PM2.5 IR Ak
886 pg m ° (HZENE, 2014). 2014 4E 7 H 23 H,

T FREARG R AT T 2014 4F [ A4 2 i
KL= BRI =AMMAE AT 74 AT =
HROL: 2014 4F BApAE, USRI 13 ANkl
TAERIEAR R0 36.4%, H ALK
DL s G R ATl 20.1%, T 74 AN 12
fii; EEFRY PM2.5, HIRCH PM10, 1)
PSR i IA 100 pg m fI 174 pg m o JbET. R
R KT 2014 4 PR SRS broR B LG
BIALA 43.6%. 46.4%F1 18.9%, HUiEFtih[X 43575
P HBA 5 IR

AT AR NS O B kb X S R RIS RN o)
PRI ER, ASCRE T RO S X 55 KA1k
FRAE S RAFRE V5GP R S5 7 TR — LemiF 5T
JECR I AT X R AR OC BT RTE BRA
JEt,

2 FEHIRIKH T

AR AT LAk A RN 3 K K 28k
RIEmR R E R —, SRl EEREA R, Bz
TR IR 75 B HETB R 0 ) LA AR S5 1R 8% Ak o 21 11
LA PRI, I DOk, H B LLACR
PR ST 4 B VG ) SO0 R B, Jf B4R X
A & T = BN R (Kaiser and Qian,
2002; Qian et al., 2003; Che et al., 2005). 2R,
WL, B 20 LG LR, o R
o 5 D (Kaiser, 2000; Sun et al.,
2000). Qian et al. (2006) &, Z /b i FliAHs
THT 1189 O JH 8 SR DA K 78 8 s i 1 e 1y st R ] gt
e L/ INSEE Ve E M RS S PN
RS UL o v Kl BE AL S AR AR At AN s — A A B
IAF TIX—W 5 (Chang et al.,, 2009; Deng et al.,
2012; Wu et al., 2012), Che et al. (2007) F1 Zhang et
al. (2012b) fitti, wECKREARE IR B B R R
F, ERIRAEAEACT A EAREIC AW R . AR
ST, B ILJE AR IS 3 AN Be: 1998 4F:
W, BEMLJE R W RS 1998~2006 4F 2 [H],
AE L B2 B4 P BB AR — € Y0 Bl /NI 8l A
2006~2008 4=, HE UL BN # (Zhao et al.,
2011) 0 RACHE LS 55 5 1 R A A i DA
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PM2.5, MR MIAHIR Sk A 2 VIR (Wu et
al., 2007; Zhao et al., 2009; Lin et al., 2012),

KT EFH KIS, HFL2 45 R
GG U R 5 H AT T gt 0. Xt
A KA R TS Mg, HEASR T
SERPRE, AREEEATH RIS, A
N BRI G Bk B 4 R T AE AR (55
A5,02010; A4, 2011). Epr )2 A8
X B B W R — Rl HIMEVE, 7ok
BREEAK. WEH. Ta. b, AR R
FIEREFEUCR WSS, @ CH Bfe WAL/
T 10 km,  HIAHEE /N T 90% 1)1 5 4 — N5
Hy S—FREH 14:00 (Jbgtitia, FED sl
B (B 12:00 SEMMED, & REMJE/NT 10 km, 4
XPUEFE /N T 90% I FEBR L fig T BUIK g WL EE A
PN OL A — 58 (5505, 2010; Ding and Liu,
2013).

BEEH N RGO EEN 21 )
THaR, Geil iR sE AR R 2 08/ 0 A0, &
B E X AR PRI T ARAEFAE R IX 3 A
ZUFEORR I HLIX (ErEk, 2008; Ding and Liu,
2013; Phek&E, 2013); HFE S HHOE L AFN
BACHHE, —RATRZ, BRERL, BFEHD
(Cheetal., 2009; %%, 2010; Ding and Liu,
2013; FHEMFIPIFR], 2014). fEHEICFJR, 80 4E
R HE 2, HAE 80 4EAR IR N, #£ 90
FARIABNEAE, 5% B T FRBESIIRE, |
42 2005 X FFAEH N CGRER, 20085 Che et al., 2009;
Quan etal., 2011; Dingand Liu, 2013; Fuetal,
2014) . HARR A RIS R B, BTfs 4 1
ANARTE, ARG /30N A, 1950 AEAR AL 5T 14
Vg QA 2, M Ja @b 1970 FEARLS Jb
) i DL ) A 3 S5 H RS n s 2000 4F LLJS
Fb s fE, %8 HERFEE IR, BT JLEX
AR (R4, 2010, 2014). Bh4h, 2R
P, AR ORI 2 [T 70 3R IR AR D61 Jst b X
HZERE 0B SN (Fuetal., 2014; BERER
&, 2014), XFERATRESEER “FXER” A
K (A, 2010, 2014).

g LTk, MRS Gl veeb g H A gk
GE0OKRE, M 2000 AELLSE, HUERFEHRX 5 H 2L
ST NS, EILEA TR (R,
2014, 5|5 H B I b A B A8 4 1) HL AR BRL v

RHIT, WRERTUEE S L RN HEBCE AL 3[R
iR, Rl Bis e )e g H B, — Iy
TAERH RIS R e it 0y s s s
WA 5 R B R RS A AT ) Gl 2
&%, 2010),

3 FEHIXRSFHIE

TEV5 YL EE AT E AT, SRR S
FE P RAEHB IR KR RAEHIOE T
SEERMN AR, By TR HEE
FIASE L MG, R RAR O G 4R x
SRMY AR AN (Jietal, 2012; 5K/NH,
25, 2013; FEREAE, 2014), T BTG Qe AE K
A I B R R ANH T3 ey B R4, B
75 e F AT AR R AR B AR AN R ATOR B B BRI
FLA %5 R 1 HUBME (Vukovich, 1995; Flocas et al.,
2009). A 27750 T VG e KRR AR A R Geidk
ITT 2% (IR, 2004b; FE4%, 2007,
THASE, 201005 EAALH X H ™ 5 G,
H AR AR IS DU A A 2 (R il
FENE, 2002; 2%, 20100, {HIHLTH RS
PRI R TITRIE B ME— e 2, 15Tk
AT IE I F s R R SEBCE - 4 500 hPa
A MG, 850 hPa HY IR V-V Bl 57 B8 5%
R, At X GRSy R AR TG e, s
850 hPa [FIRE -3 A i BH S %) -V G R A=A o 3
o R o T LR P2 AT R TR 2 B R GRS
A, 20100, HUAERLE G YOO R, bt
e L AR DX LGS i rg MR 32, HLAG 52 P g R
X &5 I R G Ml (FE555%, 2013).

JA 5 (2008) AT T B E 2006 HAAE
FERARE, KINSE F R A BHZE . Fg Al
LR B 3 BRI RIEA N s 38 KRR ERT
RGBEREIIMAAAEM A IR Z 7, BJbHiX 24 h
GRS, SRS KR . SR RIRE AL (2002)
{F AL T 1998~2001 4F [ 2 %R RS0
YL A 555 I AL XTS5 W) b 3 e DX ) 3 1T R B
BT T 500, AL IX [ i RS9
KPR I8 B (R 1D BRI T15 4P B Ha T
RATE BT DA 53 3 X H B R R = A
BRI, AR T RS R AR TS
YL ) M i RSO X R e M T AR 3
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855, M AR KGR AL, A R R A 1
BRI, WRFRR, RE K URERE .
BIEARSE (2014) X T T AL st X & 1 =45 45
6 d 1) 2 MR RATLERE DL 5 [R] 45 A
25 BA AR, 2 AR A
SRR A e R AL RE2
REPE S 5T, OB SOM Y7 1 1 2 LHI 21
FHENA IR )Z . M55 R R 2 5 T
K MAER FRFEANESOR T, ORI 7 24E
F AE R RS e A Ta] 42 T UL 2 A2 A 1
FIXG SRR R A R, H A B EH Y
FREIT 200 T kg HOXHAANEIRE R, RIREBR I TS
VS//HOEIAE kN

x1 FWSEITHOERHERXRSEESE (RREM
A=, 2002)

Table 1 Classification of surface synoptic conditions that

affects pollutant dispersion over Beijing (Meng and Cheng,
2002)
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ST R R R s i AR T R
I s 1 B0 95 U 3 70— By 3 3 BSoE 3G 46
X, SRR, KA, X7
RIS A AR AT AT R L 2 S AR (kN
25, 2013; sR AREE, 2014; FRRIEAE, 2014),
BEAL, AT 22355 5T B RSB T 04T
FEREE (2014) BT 2013 4F 2 H—IK
KA, bt o 52 95 = 3 599 1K 3%
SIS, WG R REESRTG Y YWHRIA i
ST REFEG Gy M9 Ab AT = A, 8
SER P P A b XU R PRTHORE VS R O 5 o

4 BEISRYIRKIRMEN

S5 L RBUR R A RN B R4 e G
YR EAFREL FEE- I Z5 R (Liu et al., 2013), iX—
0 FRA 1K DG i 2 Y dd R TP 1 1 S Yo ) PM2.5
(TS ) AR AR AREAE 2 SRR o
4.1 db3 PM2.5 [R= R E BR8] 38 (L4

K145 T 1999 4F DURALSTIX (1) PM2.5 it
EIRIEAALE, ATLAUR B PM2.5 3R B R A B H R
BRI, 2013 bt e a0 PM2.5 4
PR S 89.5 pg m° (http://www.bjepb.ov.
cn/ bjepb/323474/324034/324735/index. html2014-11-
03]), #AI E S ARME 156%, 2505 Y IEHAA+43 ™
I .
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Bl 1 1999~2014 FALRUMDCRFE A PM2.5 Sk EEFERR AR L. bl
KA ZEN P B P, S2ERah th T HUR R iR, AR
RIERAE 2016 FITARIEASEHN PM2.S P EERRHE (35 pg
m>). ¥k Heetal., 2001; Dan et al., 2004; Sun et al., 2004; Duan
et al., 2006; Wang et al., 2011; Zhou et al., 2012; Zhang et al., 2013; Zhao
et al., 2013a; 2013 EJL U FREE AR (http://www.bjepb.gov.cn [2014-
11-03]); #7253, 2014; Huang et al., 2014

Fig. 1 Interannual variation in PM2.5 mass concentration from Beijing
urban sites during 1999-2014. The data points indicate the seasonal or
monthly average of samples, while the solid line indicates the linear
tendency and the dashed line indicates an instructive annual average PM2.5
concentration standard (35 pug m™) which will be put into effect in China in
2016. Data sources: He et al., 2001; Dan et al., 2004; Sun et al., 2004; Duan
et al., 2006, Wang et al., 2011; Zhou et al., 2012; Zhang et al., 2013; Zhao
et al., 2013a; 2013 Beijing environmental state bulletin (http://www.bjepb.
gov.cn [2014-11-03]); Cao, 2014; Huang et al., 2014
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2011; WA, 2014), XK ER R, KEIRZ,
HBEEZENHAX AL (San Martini et al., 2015), X
SEAEAE 5 Z T PR 7S PR R IR B K. B
KA (2011) JEF5XF AN MM 1 22 AE TR LR 11 51
SRR TR S AL 2R 2 OB R S B 1 5
FOFST, B 5Tt DT 1 i (1 K 0k S B
HIVE R T B A (B 200 FORI ik
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TR PEAE B A 1 v e dob R 5 TR TS Pt v
REBETEL, AEEI I K KU R A R AR it
TR, BRSSP e J LA/ Py
TR B LR SR #isy, B A
FATERAR T, S TSGR AN Y fe .

UbAah, S0k o R I A7 AE H L AR
b T DX ORI
U A, R A9 T R S AE AR R A H B
IfE (Zhao et al., 2009; FFixte:, 2011), XFh
P14 39025 A 55 7 0 A e 8 o0 40 1 TR g et
b, sFH OB AR . H AR L (R
WA EERAMAN S, KRUREE—R
) AR TE A LA SR RS A Z 3 QL KUR

220

HERE D 18 H R AR AR AS N Sk HE B AH B & n
SETE IR B kA, 20115 Quan et
al., 2014), b/ U4 A (i 1 2 ol A L vy e T
N R HETR G, B RS (A1 R I (2t A
FIETBCANB 1) AR5 HL AR € KL 2 3R R AE
TR, 1 A RURL AR 52 A R H 00 PR O K3
F v BEAR TR KA MR A U E
4.2 4t PM2.5 BYRMRT

X T 5 UL RRIE 9 AR — 4> B 22 1 7 T s Y
AT, VAN RIS AERA AR, 4 RE TS L%
TSGR AR o fo 7 S RTRE AU R0 7 vk 2
PRI, il LU ALRT Na 762 53 A A i o fn
WEPEYBURRR IR s Ak, AT DX 3 AN ] XA A
[ HETBCR AT BRI ZRYSE R 52, FRiRA) TR ) LR
W BT R IE AR OB BE, 2014), 3T4F
K, BEE AR BRI RE, KA & 205 G
JEHRIEORURE A0 1) 5t 5k T S A s B e g
AR A HERf B e ke, DRl S 8O e vt
VLRI AR, A] LSO ¥ G e it 1R 28 R D ik
R AT . & 2 S 45 T ITAERAE 5Tk X PM2.5 K
USH—SeRE AR, WTLUREL — s . B
Bbe. ATHER. TG WA BRI
PSR PM2.5 HAAE LTIk (Zheng et al.,
2005; Zhang et al., 2007; Song et al., 2007; Wang et
al., 2008; Yuetal.,, 2013; Zhangetal., 2013;
Z 0%, 2014; Huangetal., 2014; Liuetal., 2014),
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Fig.2 Time series of the PM2.5 mass concentration over the Beijing urban area during 1—16 Aug 2009 (Sun et al., 2013)
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Table 2 Source apportionment of PM2.5 at Beijing urban sites
RS fiF T 45
R gE| bep Ol HE HE KE &E IEY A5 H R SN HE HE KB KT HEH
2013 4F (Huang 20 5.6% 2004 4F (Song #RME 11.3% 38.1%
et al, 2014) JiT R 26.1% etal, 2007) L —kEigh 24.1% 8.6%
R T RIS 5.6% T KRR 8.1% 9.8%
(V8 .6% - VTR 8% 4%
BAK 1.6% Wb 12.8% 15.4%
77N 10.0% WLENZEHEIK 15.0% 8.0%
AN 25.8% RN 8.4% 7.3%
IRTEHUE G 25.3% HAth 20.3% 12.8%
2012~2013 4 Hlah%: 31.1% [ 2001~2006 4 =4 ke 11.8%
CIER WA 22.4% | (Wang et al, SR 16.7%
Ja) FCRWREE b 18.1% [ 2008) 7 & ¥ Tk 8.82%
N 14.3% | % bR 8.82%
At 14.1% E[SY=Fii MM 6.86%
2011 4F (Liu et AHbAZEYS 19.2% IR L 14.7%
al, 2014) HOK A HbASE 28.7% YR 2k 12.7%
i T ATIREHS e 9.4% HLE - 5.88%
LW ke 20.3% Hopt 13.7%
TIRTEIR H 4.2% 2001~2003 5= Hlah%E 28%
SRR IR 6.29% (Zhang et al, 4 20%
TP - 2007) FRHEK g 5%
HREAWR 9.0% i A TR 12%
774N 2.9% JRIHE 14%
2010 4F (Yu et —IKBRIREE 22.0% 39.8% 28.1% 18.2% 26.6%) TR 19%
al., 2013) Jim  HLEh4EHEK 16.9% 17.8% 16.6% 17.5% 17.1%] At 2%
e 3 192% 6.1% 9.9% 5.9% 10.4%)| 2000 4 (Zh SRR
. ° ° ° ° ° (Zheng T 47% 79% T9% 62% 6.5%
24N 183% 12.7% 10.9% 8.7% 12.7%] et al., 2005) BT JhZEHEKL
LW e 74% 11.8% 123% 13.1% 11.2%)| BKE T 05% 08% 1.8% 0.5% 0.9%
AR 10.0% 4.5% 16.4% 32.0% 16.0% Wk 36.5% 16.9% 10.9% 14.4% 21.7%
S IEIa 62% 73% 58% 4.6% 6.0% LY R IR 2.0% 126% 9.4% 5.4%
2009~2010 4+ sk 23% 3% 18% 16%  15% PRIGE 3.1% 24% 8.8% 155% 6.3%
N
(Zhang et al., MRJH 5% 1% 7% 57% 18% FHANAZS 0.6% 08% 20% 12% 1.1%
2013) K g msee 19% 6% 17% 7% 12% HALA N 7.0% 13.5% 4.4% 24.5% 10.6%
J% 03 5 —REE 11.7% 28.5% 14.1% 13.5% 16.7%
) 5% 4% 4% 2% 4%
e IR H 10.7% 5.5% 16.9% 8.1% 10.7%
Tl HETK 14% 32% 42% 12% 25% LKL 57% 74% 6.8% 55% 6.4%
Z GG 34%  54% 13% 6%  26% HAh 17.5% 16.3% 13.8% 12% 13.7%

Wi s, AN SE R 2 R Al P HE O FE DTk M
KT 10%% 28%/AN%% (Zhang et al., 2007; Yu et al.,
2013). SRk, LR HOR SSRGS T &5 Yl
) — R Ry de ok, JLE A 2014 4F
BOHIBFST 45 B s PM2.5 s K BTk R 1AL
B (31.1%). IR IR SR BT 15 20 1 45 SR AR 2
PM2.5 7E R B TR, 1 T4 B, Liu et
al. (2014) ) vy iF H] 43 7% 26 10 T 00 B M )
W A AT R D0 AL 5T b X 2 1 3 I (1) 5T ik Tk

47.9% 0 ST URMEBT 1) 45 S 1) 1 22 53 1T B 5 RAE I
gy B TR] R oy BT (R 798 D% AN RIS AE A b
JIT R (5% AN TR, 20 B 28 (R IR A BT 25 SR A
BRI, PR AR A S IR ML Bl 4= HE s o ik
WA Ak, AEENE, Rl
ATURAERTIN . IFBA BN ZEHE B AR A il —
PORE IR TR, Rk, RIAE_FRBFR A L)
ZEH AU PM2.5 DTERANE] 10%, (HUSR =X
IR TTIRTE IEAE N, HLBH A7 R W s AN ]
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AR o SR, HLEAEHEBO PM2.5 ¥ DTk 2
AN o B T HLBIZESS, BRIEA T AR =t 2
FEDTIRIE, JUHAE AT R R K £
e HAh, EEFELEAKTBRZ, K55
REREIOPIEE = 2 LY 2R S

5 SRYMXEBMEREMXKE
FEIE

5.1 [REEE SR TR X g%

Je Rt IR 2012~2013 4ERRFFT R B
JERH A AE PM2.5 SRS IX S AL ok 28 % ~
36%, AHLYGGHE DR S 64%~T2%. AT T f#
PM2.5 75 YIS I X SUILHRRAE, B 3 4 T s s
Hi[X 2009~2010 4= PUZERAE AT 48 h Ji5 [a) ik
434 (Zhang et al., 2013), # i S HT K IR 5
AL X AT BB PM2.5 X I i% E Rk H 4 N
M PEdE (NW). Jb (NDL & (B) Fimg (S); 3L
TGRS 1) R IR I TT DA 41 43 A 320 5 s s 2
B (NWp) FHRLPE B AR (NW), 2 Bl
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Fig. 3 48-h air mass backward trajectories over the Beijing—Tianjin—Hebei area at 100 m elevation during the sampling periods during 2009-2010 with the

emission located at (39.99°N, 116.30°E) (Zhang et al., 2013)
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Fig. 4 Schematic diagram of the positive feedback loop of aerosol

accumulation and planetary boundary layer evolution (Quan et al., 2013)
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