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Abstract Using the WRF/Chem (Weather Research Forecasting/Chemistry) model, a large-scale PM2.5 heavy pollution
process in northern China from 25 November to 2 December 2015 was simulated. Comparisons to observations show that
the model can realistically capture the magnitude and variation of PM2.5 and meteorological factors, and can be used for
the mechanism analysis of this pollution event. This paper further analyzed the mechanism of the strong pollution event
from the aspects of dynamics, thermo-meteorological conditions, and chemical transformation. The results show that the
dynamic factors mainly affect the pollution event through weakening of the surface wind and vertical wind shear. Thermal
factors, such as a boundary layer inversion, promote the enhancement of the atmospheric stability, which is not conducive
to pollutant diffusion. Based on the analysis of the PM2.5 composition, the nitrate, sulfate, and organic carbon content
increased in this event, indicating that the secondary aerosol formation caused by vehicle exhaust and coal combustion
contributes greatly to the PM2.5 pollution. To identify the main factors causing this pollution event, we used multiple
linear regression and relative contribution rate accounting methods to quantify the multi-factor analysis. The results show
that the thermal factors play a major role in the pollution process, with a variance contribution of 52%, dynamic factor of
34%, and a chemical transformation variance contribution of 14%, indicating that adverse meteorological conditions,

especially thermal conditions, are the main causes of the pollution event.

25 %
Vol. 25

Keywords WRF-Chem model, Heavy pollution, Dynamic factors, Thermal factors, Chemical factors
1 5|5 TS5 FIAE L 8 B 5 R R R AT A 2

WAk, B E Tk, LA i &
J&, UCLARBRIY) PM2.5 N1 B YW s e FAF
SR, HRREI T 42, 2450k ™
H PM2.5 75 4l 8 (MRAR EE, 20095 22 R IR 55,
2012; Cao et al., 2014; Lu et al., 2015) . PM2.5 &
BIAFICRFNAEY S 5] VIR G0 i i
P (MY &, 2002; Bk LA, 2011, XA
A R ™ b . BEAL, PM2.5 FIE R R AR
KAREWERZE TR, S AP HAT R T AME
(5 E 25, 1999; £ Hi%%, 2000; ¥ M8 MY 45 2002;
T B SR, 2015) . KL, T ANMURL PM2.5 i5 4y
FE AR R R B LER X T 06 1 T RS
G Y S AR

SHRLF BT R B RS . AR AR DL R
TG QAR KFE B bt AL S e e 1 Ok — %2
2 2014), FMHTFT PM2.5 & 4o A R T8
BE PM2.5 [Pk UR, B BB ¥ K005 G S FL {5
Fo R, HTREZFRBEAE, ASFE Xk
FLARTE S 5, DR ys e BAR 1R B o3 AR IR AN R
AR, AHET A8 FEAA PM2.5 1 6 Fh 32 ki oy
MR . MR, B SRR (BHEEHL
TR F TG 2 B D)« OB WL IR A R R IR
(Yang et al., 2011; £ i 6%, 2016; Li et al., 2016;
Liu et al., 2016; Ji) 58%%, 2016; Z& Bk 4%, 2017; )
bl 4655, 2018) . H FI A 4 il A A Z IRAIE IR
SRR EKGE T S B IER T, IR — RS

FE A 2 IO AE ) — R B HT AR (Kang et
al., 2004; Z= @A ARG, 2018), 70 A IR A L
AR (SOA) AR EHL K (SIA) (3}
FHE, 2018), Horh ZREN S IR £ EZ AR IR
e WHERE. BRI (FBEELE, 2014; PIEFESE,
20170 JIT LABIF 98 — S0 IRont 38 S e #8152
e B A B
TR, RS Je AU N N HE
Ky ARG FARN T G 4R R i il 5
BAER (Sk/NHLEE, 2013; X R RS, 2014; Huang et
al.,, 2015). H AR XIE 515 LYRE R BET
TG, 3R KGR KT, 5 4% ) X3 AR 1 ik
e, AR IS GRE R . KA 8 B )
B RET, 15 RS X 2 T E R A W, A F
TrHRA ST, TR RE (&
4%, 2006; T H%%E, 2008; Pasch et al., 2011; 5K A
AREE, 2014; 4RSS, 2014; Liu et al., 2017). It
b, —LeRI o IR BRI 1 0 5 2 R0 0 i 45 4 i S 8
IR el i 5 O N B R R /K T G o 7 N
2014; XI#E5E, 2015; %4745, 2016), KA HHIAH
XV R BN AR 3 PM2.5 VB IEK, AF TS B
B, MK GG E B R ER, K S
PM2.5 W FE A, (R Al A 7 ) At [ iR
FERRAR, ERMRETE, 53R (Mlawer et
al., 1997; Huang et al., 2015). J6FF 5 PM2.5 ik &
EREAMK, @HEELT, &2 PM2.S5 54
N, HZE5 e /N (Tiwari et al., 2013),



2
No. 2

RREAET: ETHUEBA GG e db 4 — RO F 5 G R2 102 L

QIN Chufei et al. Formation Mechanism of a Large-Scale Heavy Pollution Process in North China in ...

187

KRG DAL o PM2.5 AR %73 o1 R A S
ZHE TG RGBT A Z, (HR —H Gk
K, EEKMIT LRI B T X PM2.5 H 5 G
X BRI A Z W, % T8, ASTGEH WRF/
Chem ( Weather Research Forecasting/Chemistry)
3.9.1 #Ex 20154 11 H 25 HE 12 H 2 HRE
677 CRSCR iR U B R Tr X, il 1) —
KRG ] ) B Jed RE AT i, Bl #4
JVRRE TR 2R T 3 A5 TN G G T A AL 2 ik
AT IS E AR TR, IR 51 e S G
32 BB, oo i B e ORI T R S
BEEA—ENSHEER .

2 BESFEE

21 &R

(1) AEIUE BT FH I PM2.5 94 5 S0 0 5 4 ok
H & Wi 80 55 5088 0 Chttp://data.epmap.org/
[2017-11-20]) [I/NIFPEIEER, R BREE F

S G ARG 6 h P3O £ s o J5 44X
s V5 eI S AR A & 1 R

(2) A B HE TSR R E R K2
% X HEiGE 5 MEIC ( Multi-resolution Emission
Inventory for China) 2016 4F B HT 45 3, J& i1 X 45
TEHRIRAH MIX (anew Asian anthropogenic emission
inventory, fajFX MIX) (Li et al, 2017) 2010 EHE
AR

(3) BRI RWIGR K AT AL 2% A48 F NCEP
(National Centers for Environmental Prediction) FNL
(Final Operational Global Analysis) 4= Bk 7)1 %
Bl C http://rda.ucar.edu/datasets[2017-11-20]) , %
WA FEARESE JBE. B, Kok, M
ME . TIESEEE . GRS RN ] 2 #2731
H1e (LD X1° () Mleh, FEITIN29 =,
22 i
2.2.1 WRF/Chem A X i/

AR KA G I AR . AAE
HUE AN 3 B R S8 0 78 00 A D, A 20 D

PM2.5
42°N — e 75-115

® 115-150
40°N —| @ 150-250

@ 250-500
38°N —
36°N —
34°N —
32°N —
30°N —

| |
110°E 112°E 114°E

E 1
Fig. 1
November to 30 November 2015

116°E
WFFC X 30 S5 AR (B D R &3l 4 2015 4F 11 [ 26~30 HF3 PM2.5 WRE (Bfii: pg/m®) 434

Distribution of the stations (black spots) in the study area and the PM2.5 concentration (p.g/m3) at the representative stations averaged from 26

| | I
118°E 120°E 122°E


http://data.epmap.org/[2017-11-20]
http://data.epmap.org/[2017-11-20]
http://rda.ucar.edu/datasets[2017-11-20]
http://data.epmap.org/[2017-11-20]
http://data.epmap.org/[2017-11-20]
http://rda.ucar.edu/datasets[2017-11-20]

R VRS RS N A7 25 %

188 Climatic and Environmental Research

Vol. 25

TOFERESIF M, DT 3KERKEIRE.
WRF/Chem 1} 55 =B EA R, £k
NOAA ( National Oceanic and Atmospheric
Adminstration) < NCAR ( National Centers for
Environnemental Prediction) %5 % F LA & T &
MITE LR X I 2 A X, A& 2Tk KSR
AL S H T % . B T3 it CF
W XS P TR . RBRIERIA
WA O SN E 2 YR S R LR
A, BRIl H AV IRk FE i I 3 AR
o, ARG LIRSS (Grell and Dévényi,
2002; ¥ M R 55, 2015; F )T 5R5E, 2016; 3 BE YK AE,
2016; K H 5, 2018).

AR WRF/Chem #23X 3.9.1 fiuA< . HFGE
HEEFEREIF RO E 2 R RO ®
(MEIC 2016) 1 MIX 2010 @& 7 i o FHEBCEY)
AL $E PM2.5. PM10. SO,. OC. NO, #il NMHC
(hts RSB I . K. BELLK
HALTS FRALEY) 2. BIIX ORI (28°N,
114°E) N LA E 2R, KPR
KA 27 km B — HEARE RIS, X IR B 15y
R29 E. BAYESE T RINE 1. AR
A5 KR 60 s, A ZERT RN 60 . WF ST ML
1EH CBO5, AL S HH 156 A, YApAS
¥~ 514 (Yarwood, 2005) , #H Eb Al AL 1
(CBM-IV. CBM-1V 99 %) F & T ¥ 2 (1) x MA
AGIEIRLN Y/

222 %itFik

ALK UL G e A LR A O R B
(R V¥ 2 (Mg br L T 5 %
(Nyp)~ FREAL TR ZE (Nyg) A7 R R %

x1 EXMEBESHLAR

Table 1 Physical parameterization scheme of the model

HREE R RiE#H
[ CY TS Lin/7% (Linetal, 1983)

Kdes 28k 7% RRIMAFR (Mlawer etal,, 1997)
WSS EIL 7% Goddard 7% (Chou and Suarez, 1994)

bl TS Monin-Obukhov/7% (Reynolds et al., 1984)
GiTpoR NoahFfiHid#E77 % (Noh, 2003)
HRESHATTR  YSUBAZE (Noh,2003)

MESHTT % GrellfA =2t 7% (Grell and Dévényi, 2002)
SRS HM % MADERZE (Schell etal,, 2001)

AR CBO05 (Yarwood, 2005)

(Ryisp) PP 45

N
D (pi=P)0i=0)
R= = : (D

Nl N
JZ(m—WJZ(m—a)Z
i=1

i=1

L&
MB:N;(pi_Oi)’ (2)

N
> (Pi-o0p)
i=1

NmB = ~ x 100%, (3
2.0
i=1
N
> Ipi-oil
NumE = p’N % 100%, (4)
2.0
i=1
1
1 N 2
Ryvse = NZ(pi—o,-)z} , (5)
i=1

H, poBEE, o N MMME, NONFEARSE,
PABLESME, oMM FIE. REMRXR
B, SO T BB AU A M . My 2P 3
22, BT RSO Bl W 0 A Al R B O /) 1 4
Ho Nyp AbRUELRZE, OB TR UL R f
PR . Nyg brdEF IR 22, B 7 BRI
I TE) PR F S B FE R o Ryep A3 HRAR 2, Sk
RSB AU ) B HIORERE,  Re i AR X AR
W
¥ 52w & E Jb 7 (30°N~ 42°N, 110°E~
122°E) 20154 11 H 25 H&E 12 A 2 H PM2.5 &
BRI RO ERFERBLER, ¥
PM2.5 IR FEAE MR AR &, #A7 7 OkT PM2.5SIKE
(e MEEY p:r
P=C+az +bzp+cz3, (6)
Hdr, PRINPM2SIKE, CHERIT, a. b
c ABIERE, zv zv 3 P ARBIIE T #)
7 AL = HAH F I RIER . S HKARSE
(2014) BHFJ7E, IEBEREIKGE (Ws) 1500 hPa
£j 850 hPa /K FRIEE V) (FEHV)ILTEER T H
07 A bR B A B v R R 2L AR A,

AlV|= \/(usoo —ugs0)* + (vs00 — V8s50)> AN Ugsos Vgso




2 34 ZRIEAESE: T HAERA GG o B AL & 2 — OV B H5 Gead R 1 L
No. 2 QIN Chufei et al. Formation Mechanism of a Large-Scale Heavy Pollution Process in North China in ... 189

F usgos V5o 75 A7~ 850 hPa. 500 hPa £fi ] XAl
TR AE NI, #AIIEF N 850 hPa b
1000 hPa fBAH AR 22 (fBAH 4 A7 il 3 AR A =
AP ETE, BRISSNKR AR R G, P
T4 34 R YT E] 1000 hPa &b, LSBT B A R
PERRAZA S PIBAE M0, FHAORIR). 925 hPa
51000 hPa i EH % (AT). FHEFLFFAL
TEFE BT PM2.S 1 IR AR A B Tk, &
YRR (BREREY . W ERA A WL D
& BN AR 7, QR EEUKHE
TEWATSCE 6 45, 2 a2 MERNA 5 F2 0 51 ) SR %L
A DU SR 5 PM2.5 3 B AR S

NT BRI B P Rb 2
PR 00 b ks G FR AR X B, 1S H
Liuetal. (2017) A 1 SRR DTk

lal/ (la1] + laz| +las|) x100%,

lazl/ (lai|+ |az| +laz]) x100%,
las|/ (lai|+ |az| +las]) x100%, (D

Hh, aps ap a3 0508 3 ARG e B 1) o
BR &, a=alz,, ay=bAz,, ay=cAzy, AR IEE,
$0 B 30 e AH R DT R KN T DAAS H 3 R TR B
) R R

3 AR REEEAIEN R IGIE

3.1 #REXE

20154 11 25 HE 12 2 H, REITR
AT IR PM2.5 N ES e ) B S Gl AR
N T e ELAR RT3, R A SR TR AR B
W3 55 7 PMI2.5 R VR B o A B, IR S R
BASRREEE (AQD HAME (R417)
( HJ633-2012) ( Cheng et al., 2007; & JK % &5,
2015) 5E XK E 24 h {5 e BRI hrie, X%
ANk R PM2.5 IR BEHEAT T SRk 4y, KRS
W N (0~35 pgm’) . B (35~75 pg/m’) .
BREEVS Y (75~ 115 pg/m®) . RS (115~
150 pg/m’) . FEEEIG Y (150~250 pg/m’>). J»HE
754 (250~500 pg/m’). HEHE PM2.5 I B /3 A
fE, ACHAbET. K, b, WE. (LR, T
FV LB 9 TS Y T2 1 R J TR 1A F 9 IX 88
e b3 5 A X3 AR e A U BB TG
BEAE A3 A M A g SR GAE (B 1. B 1A K,
AR, R AMEIETE 11 H 26 HE 11 A 30 H

PM2.5 F ¥k 1 A 80 ng/m’ & 4, JBERETS
e, AU TS Yeim B (R L BOk B B VS gL, 1
R R E AR E T PM2.5 3K B {E A 200
ng/m’, NEFEISY, AEE. N MK
T PM2.5 W 1A F)] 250 pg/m® PA L, 548 A ik
B ES Y bR e 25 BRI, RIRTS Y L RTiE
B B TR B X s ety s AR IR R AR T T K
55, BAWBYGEEIR, SR m . RRoLm KA
B b, R ELR Y PM2.S V5 e iR . A0 b HL
AR T FE S TE LR X 4 5 T e PM2.5 5 G4 Bl K] 1
FEAHEBEHER L.
3.2 HERGRIE

B 2 SRIE X kP 4 A =5 0 R 6 L
BoEgs H . AR I Hh P2 21 850 hPa KU . il
DL 500 hPa KU FIiE AR %, FEA BRI T AR
i B 5 P SR AR AR RRAE (] 2a—20);5
[X 35k SF- 347 1) PMI2.5 5 UL 4 S5 R0 00 i &% 5 1 ot L
CE 2d) AT L, 40045 S o 1k B 1 155 400 H 5 B
PM2.5 {H I\ K /NRIAR AR A, (EL e AR HE W0 &5
11 H 30 H PM2.S k(. A T HE— B4R
w11 H 30 U AR R, b H X
R Eh . BRIR SR A1 LR 75 28 DG 5 A RO 4T
XPE CEIBS ), 25 Rk s a0 ah S s AR ik e s
R 3 AR E AR, ARG T 11 H 30 H
(s Gt FE AT 4545 2R R A A0L HE A B
PM2.5 iR FEIEME . Rk, st ARG Hhid i
BT &k g PM2.5 H ¥R EE R AGRRAE (& 3D
BB EGI T BRI (R 2), BT
AR E R PM2.5 I 5 AH 5 00 E 1) AH OC #IA 2]
0.7 LA E, 850hPa KUSAHRFRECN 0.73, HH1 500 hPa
KA 850 hPa i FE WL F] 0.95 PA F. BEHIHSR
B Mg Ny~ Nug A Ry TEIRZN, SRS E
5 UM E (0 fm 2 FE /N o PM2.5 3K B ) Mg
Ryse FIARNT TG BZ AW, (H AR R AL
U, MxZEOEF] 0.8, Nyg M Ny HI1E L 20%,
PR E R RN . RS RIGIE R,
W FL XS T 328 i Hot n 5 1), ml RL st
K PM2.5 F {5 Yeicd R V5 AR RAE

4 SERIEERESN

B4 52015411 H25 HE 12 H 2 H PM2.5
V5 FE R AR, R, 11 A 25 HERE



R VRS RS N A7 25 %

190 Climatic and Environmental Research Vol. 25
60
24 4 (a) * Obs —— Model (b) * Obs —— Model
» »
£ 20 A * g 21
3 3
(0] [0]
a 3 40
7] [0}
© ©
[ =
s S 30
© ©
o o
£= =
S S 20 A
Yo} o
[<e] wn
o T T T T T 10 T T T T T
26 27 28 29 30 1 2 26 27 28 29 30 1 2
Nov 2015 Dec Nov 2015 Dec
Date Date
10
() x Obs —— Model o 400 4 @ ——Obs —— Model
o £
® 2
2 £
o S
g IS
IS €
g 8
©
o 8
2 ©
n N
© =
o
_20 T T T T T o T T T T T
26 27 28 29 30 1 2 26 27 28 29 30 1 2
Nov 2015 Dec Nov 2015 Dec

Date

Date

B2 20154 11 H 26 H#E 12 A 2 H#F 70 X3P 5 BB B 25 SR 5 000 45 AR L. (a) 850 hPa KUE (H47: m/s); (b) 500
hPa UEE (BAfL: m/s); (c) 850 hPaiw B (BAfr: °C); (d) PM25SIKEE (Bafi. pgm’). H e, S8R WRF/Chem #4045 3,
(a—c) FRE U NER 6 h REEZWNE, () FRE RN EMSRAERER 1 h ) PM2.5 WK A

Fig. 2 Comparison and verification of the regional averaged model and observation results from 26 November 2015 to 2 December 2015: (a) 850-hPa

wind speed (m/s); (b) 500-hPa wind speed (m/s); (c) 850-hPa temperature (°C); (d) PM2.5 concentration (ug/m3). Among them, the solid line is the

WRE/Chem (Weather Research Forecasting/Chemistry) simulation result, the star point in (a—c) is the observation result value of meteorological

elements every 6 h, the dotted line in (d) is the observed PM2.5 concentration value every 1 h provided by the air quality network

(http://data.epmap.org/[2017-11-20])
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Fig. 3 Comparison and verification of daily average PM2.5 concentration of observation stations (color circles, units: ug/mS) and simulated PM2.5
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