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Abstract Open biomass burning is one of the important sources of particulate matter (PM) and gaseous species at the

global scale, whereas crop residual burning is the fundamental way of biomass burning in East China. By using surface
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observations of air quality and meteorological variables, acrosol optical depth (AOD) data from Aerosol Robotic Network
(AERONET), biomass burning emission from Global Fire Emissions Database (GFED) inventory, and the Weather
Research and Forecasting model with Chemistry (WRF-Chem), this study investigated the evolution of air pollutants in
the Huabei Plain in October 2014, focusing on a severe haze event in Beijing in 7-11 October. The synoptic condition,
boundary layer meteorology, transport pathway, spatial-temporal distribution of aerosol chemical components in PM2.5,
and the impact of crop residual burning on fine particle concentration and surface shortwave radiation during this period
were analyzed. The model well reproduces the surface meteorological variables and PM2.5 concentrations but
underpredicts the AOD and overpredicts the surface shortwave radiation during haze days. Notably, the model simulation
of PM2.5 concentration substantially improved by considering crop residual burning emission. The severe haze event in
7-11 October in Beijing was mainly caused by the accumulation and regional transport of air pollutants under stable
atmospheric condition and was also affected by the northward transport of air pollutants produced by crop residual fires
over the wide areas of southern Hebei, northern Henan, and western Shandong province. The model simulation revealed a
considerable influence of crop fire on the surface aerosols in Beijing, with the percentage contributions of 24.6%, 36.8%,
23.2%, 22.6%, 7.1%, and 19.8% for PM2.5, organic carbon (OC), nitrate, ammonium, sulfate, and black carbon (BC)
concentrations, respectively. The mean reduction in the surface shortwave radiation in Beijing induced by aerosols from

crop fire exceeded 20 W m™, accounting for approximately 24% of the changes in shortwave radiation by all aerosols.
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Table 1 Statistical analysis of the simulated and observed 2-m air temperature, 2-m relative humidity, 10-m wind speed,

sea level pressure, and surface PM2.5 concentrations in Beijing averaged in Oct 2014
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Fig. I Observed and simulated daily mean of (a) 2-m air temperature, (b) 2-m relative humidity, (c) 10-m wind speed, (d) sea level pressure (SLP),

and (e) surface PM2.5 concentrations in Beijing in Oct 2014
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Fig. 2 Spatial distributions of emission fluxes of (a) PM2.5, (b) OC, and (c) BC in MEIC Emission Inventory and the spatial distributions of
emission fluxes of (d) PM2.5, (e) OC, and (f) BC in GFED data averaged over the period of 5-8 Oct 2014
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Table 2 Simulated mean surface PM2.5 concentrations and chemical compositions in PM2.5 with and without biomass

burning and relative contribution of biomass burning during 7-11 Oct and on 9 Oct 2014

7~11 H ¥
FEEGY) Exptl B E/ugm > Exp2 IR /ugm ™ AHXTOIER Expt] SR /ug m— Bxp B E /ugm = ARXTOTER
PM2.5 218.9 165.1 24.6% 295.2 238.2 19.3%
ocC 17.1 10.8 36.8% 20.6 14.2 31.1%
BC 11.6 9.3 19.8% 14.4 11.9 17.4%
SO, 7 6.5 7.1% 8.9 8.1 9.0%
NO,~ 117.1 89.9 23.2% 168.9 139 17.7%
NH," 36.8 28.5 22.6% 52.3 433 17.2%
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Fig. 4 Model simulated surface PM2.5 concentrations averaged during 7-11 Oct 2014 from (a) Expt2, (b) Exptl, (c) the mean contributionl, and (d)

percentage contribution of biomass burning to PM2.5



378

k5 3 5B A
Climatic and Environmental Research

24 %%
Vol. 24

—&— Obs

—@— Expt1

--O - Expt2

—@&— Expt1

--O - Expt2

—@— Expt1

--O - Expt2

—@&— Expt1

--O - Expt2

—@— Expt1

I T N T T N T N |

--O - Expt2

—@&— Expt1

« 400
£ (a)
> L
3
=
2
©
c
@
o
c
Q
o
0
N
=
o
? L (b)
€
o
3
=
Rl
°
<
@
o
c
Q
o
O
(e}
@ (c)
g 15
=)
3
5
'g 10
<
@
2
s 5
o
2

0 )
o 12 @
€
> 10 |
=
s 8
E -
= 6
) L
g 4
8 [
de 2
(@] L
w 0 X
© 200
e L (e)
2 160
5
'-*E 120
= L
8 80
c
g L
n 40
(@]
Z 0
o 60 0
c L
o 50
= L
_5 40
“@ L
£ 30
g L
c 20
Q
o
+< 10
T L
Z o

Oct

--O - Expt2

Date

13 15 17 19 21 23 25 27

29 31

5 WA SCRAEL A 2014 4F 10 HALTHEE () PM2.5WKRRE S (b B AL /0 W H3Z H 28 1k

Fig. 5 Observed and simulated daily mean concentrations of (a) surface PM2.5 and (b—f) its chemical compositions in Beijing in Oct 2014



3 3] Al — A REATIRGENT b SRk I A PR AR 54 S 2 i R LU 7 7
No. 3 HE Yiying et al. A Modeling Investigation of the Impact of Crop Residue Burning on Aerosol Concentration ... 379

f) R0 I K H5 . 1H Gao et al. (2016) ) H [A] # it 24
(version 3.5.1) [ WRF-Chem 4 7 2010 &b 2
KT SR E RSy, RIS R £h ik
FEHERTHN (A~3£5, —IRAEVRIBERE
BRARAY, BT RRER SRS R ), SEOLFE
FERAL — 5 Ak, Hoxt AOD (AR AL () 4 2 5 A< iF
FUARALL, 1 B AE BTG 4L 25 A N WRF-Chem [ — K
I A BT A Ry it o

K7 4E 2014 4F 10 H 5~9 b 5t KA gk 1
SR 0 R S U 116 T 6 9 2 et /N RSP 340 O
B 7 AT ¥ R B 58 R R R, T B
B, 6 HIEA-RT S 695.0 Wm™2, #]7H
VSHINE 5303 Wm 2, 39 H i HE{5 44 328.5
Wm™?, MEVEBIE TG Gy, b R e e e i
1f5. B8 EIR, TEIHHER, BMEE W& A—
M, FEHREFEREMTH, ANEESERT Expt3 1F
s, B R G TNE, REE NSRRI
fEUL (Expt2), ARAUL M Th F e g b, (BT8R

UG, T [F] S 25 R N R FIRS FT R JGe Uit 1 1 5%
T (ExptD), BHSMIMAEE T, LR Rk
TR RSEES ERAER, DA AR
AL S RO S B E R e . (B, fEERTG YL
SHAIOH, B E T Fra I, 40l 0t i
R AR IR R T, X E BT ERIX R
AOD (1) B AR AT X ol o 7 52 388 e o PR v i, 5 41 8
HRM9OHAR, b L= 6w, mBMKATEHE
2 3 P W I -5 A 0Lt TR 6 S ) A 22

B8 S RIAE 10 H 7~11 H E K% A AR
AR TR = A R SV s S S T e e A A
10 CA B FEFT BRI IR AR XS BTmik, RS AT IR e S et
T A R ST B2 A AR N o N RV I T B i
T g B X AR A R B A X, bt
b T 5 38 4 S 08D e KR 70 Wm ™2 (&I 8a), 1l
FEAT A o it Rt T 662 30 5 S ot/ 1 X 3k 32 A VT g
JEEB . WAL ER B X (K 8b), Jb R AE
S 20 Wm 2 [ 8c on, AEFFALE AR

| —— Obs

—&— Expt1

1 3 5 7 9 11 13

15 17

---&-- Expt2

23 25 27 29 31

19 21

Date

6 2014410 J11bnt AERONET MIANEE B TR DL E . (AOD) H (A
Fig. 6 Daily mean AOD from simulations and observations at AERONET sites in Beijing in Oct 2014

800

600 r

400 r

200

Surface shortware radiation/W m2

o
—

— Obs — Expt1 --- Expt2 — Expt3

5 6
Oct

Date

P17 2014 4F 10 5~9 H A6 Hi i R S W0 0L 5 AL B 1 G2 I AR 4
Fig. 7 Observed and simulated hourly surface shortwave radiation in Beijing during 5-8 Oct 2014



"R E R R 24 %

380 Climatic and Environmental Research

46N

44N

42N

40N

38N

36N

34N

32N

30N

110E 114E 118E 112E 110E 114E 118E 112E 110E 114E 118E 112E

—70 —60 —50 —40 —30 —20 —10 0 Wm2 —70 —60 —50 —40 —30 —20 —10 0 Wm? 8% 16% 24% 32% 40%
K8 MEABHURI2014 10 H 7~ 11 HARTH (@ NNESEL S B Bam i 384, (b) REATRAREUR <8 e T S0t i
AR, (o) FEFTRRBEIR T en IR CONON+HRERTRARE) S S50 ht T R4 S A2 (L ) ik 4
Fig. 8 Model simulated daytime mean (a) changes in surface shortwave radiation induced by anthropogenic aerosols, (b) changes in surface

shortwave radiation induced by biomass burning aerosols, (c) percentage contribution of biomass burning aerosols to the surface shortwave radiation

change caused by total aerosols (anthropogenic+biomass burning aerosols) during 7-11 Oct 2014

PR ROt b e 5 S AR A K Bk A o S
TR TTR A 24%,  TAE AT Z R B BT b v i
HX, HoTEkT ik 28%.

4 it

(1) 20144E 10 H 5~8 H, fEWFARZ. Wik
R AL AR VU K R RS FT A R 5, FLHRAET]
MARMMAIH R EE, 5~8 H PR REHE
JROHE B v T N A IEAEBGE R, b PM2.5
1.2pugm?s', OCHIBC /3l 0.2 pygm=2s ' Al
0.18 pgm s~ LN NN 3~4 . FEFTIAKE
HEC S B e v ra PR R bz, it
JEE R IR KR 43 1l X ) 25 S B A R

(2) 50 5 L 5 B WRF-Chem 5 5 8
IRUF MBI X AR R . PM2.5 IR IKE
I AT AR RRAE o 285 18 T RS AT be i ) A A
FLIT PM2.5 94 5 I BE B0 o A8 ke v A e
15 BB LT AOD A [T 67 38 4 5 B AL, (H 2
EEG RGO T, BT AOD, & il b I 75
L

(3) FEFFERE S EEAL IR Hi X PM2.5 ¥k 5
T, fEdbRT, 7~11 H-F3¥ PM2.5 ¥ FE 1 165.1
ng m I INF] 218.9 pg m 3, FEHAFEABEXT PM2.5 ik
B 1) 01 ik A 24.6%, 10 X OC Y 57 Bk B K, 1A

36.8%, MR EHIKFERITTIRE /DN, 7 7.1%.

(4) FEFFRARAL S RO BB m, 3k
i 1T %) OK BH K 3 A A s> . 7~11 H B R,
N A YRS T Aok A T X T 66 9 6 e ok /D
70 W om™, ARG AT BA e A J U A S Uk 2 20 W m
DA b, FEAF RIS = A B RN b b T et 0 e 45
AL R TR AT o IS IR DTER I 24%. DA B S5 R
W T REAT AR XS X da 2 S B KSR A L
AP

SZ3CHk (References)

Akagi S K, Yokelson R J, Wiedinmyer C, et al. 2011. Emission factors
for open and domestic biomass burning for use in atmospheric
models [J]. Atmospheric Chemistry and Physics, 11(9): 4039-4072.
doi:10.5194/acp-11-4039-2011

Albrecht B A. 1989. Aecrosols, cloud microphysics, and fractional
cloudiness [J]. Science, 245(4923): 1227-1230. doi:10.1126/science.
245.4923.1227

Andreae M O. 1991. Biomass burning: Its history, use and distribution
and its impact on environmental quality and global climate [M]/
Levine J S. Global Biomass Burning: Atmospheric, Climatic and
Biospheric Implications. Cambridge, MA, USA: MIT Press, 3-21.

Andreae M O, Merlet P. 2001. Emission of trace gases and aerosols
from biomass burning [J]. Global Biogeochemical Cycles, 15(4):
955-966. doi:10.1029/2000GB001382

BT ig, TIH, mEW . 2010, o E 3 SR B IR H0R & X 04
i [ AR HLAL B 5, 32(3): 1-7.  Bi Yuyun, Wang Yajing, Gao



3 3] Al — A REATIRGENT b SRk I A PR AR 54 S 2 i R LU 7 7
No. 3 HE Yiying et al. A Modeling Investigation of the Impact of Crop Residue Burning on Aerosol Concentration ... 381

Chunyu. 2010. Straw resource quantity and its regional distribution
in China [J]. Journal of Agricultural Mechanization Research (in
Chinese), 32(3): 1-7. doi:10.3969/.issn.1003-188X.2010.03.001
HE R, KN, EAEE, 552007, o XK A R R A BRI
0N 5[], R I AR, 52(15): 1826 - 1831,
Zhang Xiaoye, Wang Yagqiang, et al. 2007. Estimation of

Cao Guoliang,

emissions from field burning of crop straw in China [J]. Chinese
Science Bulletin, 53(5): 784-790. doi: 10.3321/j.1issn: 0023-074x.
2007.15.017

Che H Z, Zhang X Y, Li Y, et al. 2007. Horizontal visibility trends in
China 1981-2005 [J]. Geophys. Res. Lett., 34(24): 1L24706. doi: 10.
1029/2007GL031450

Che H Z, Zhang X Y, Li Y, et al. 2009. Haze trends over the capital
cities of 31 provinces in China, 1981-2005 [J]. Theor. Appl.
Climatol., 97(3-4): 235-242. doi:10.1007/s00704-008-0059-8

Chen F, Dudhia J. 2001. Coupling an advanced land surface-hydrology
model with the Penn State-NCAR MMS5 modeling system. Part I:
Model implementation and sensitivity [J]. Monthly Weather Review,
129(4): 569-585. doi: 10.1175/1520-0493(2001)129<0569: caalsh>2.
0.co;2

Demirbas A. 2005. Potential applications of renewable energy sources,
biomass combustion problems in boiler power systems and combustion
related environmental issues [J]. Progress in Energy and Combustion
Science, 31(2): 171-192. doi:10.1016/j.pecs.2005.02.002

Gao M, Carmichael G R, Wang Y, et al. 2016. Modeling study of the
2010 regional haze event in the North China Plain [J]. Atmospheric
Chemistry and Physics, 16(3): 1673-1691. doi:10.5194/acp-16-1673-
2016

Gery M W, Whitten G Z, Killus J P, et al. 1989. A photochemical
kinetics mechanism for urban and regional scale computer modeling
[J]. J. Geophys. Res., 94(D10): 12925-12956. doi: 10.1029 /
JD094iD10p12925

Giglio L, Randerson J T, van der Werf G R. 2013. Analysis of daily,
monthly, and annual burned area using the fourth-generation global
fire emissions database (GFED4) [J]. J. Geophys. Res., 118(1): 317-
328. doi:10.1002/jgrg.20042

Grell G A, Dévényi D. 2002. A generalized approach to parameterizing
convection combining ensemble and data assimilation techniques
[J]. Geophys. Res. Lett., 29(14): 1693. doi:10.1029/2002GL015311

Grell G A, Peckham S E, Schmitz R, et al. 2005. Fully coupled
“online” chemistry within the WRF model [J]. Atmos. Environ., 39
(37): 6957-6975. doi:10.1016/j.atmosenv.2005.04.027

A, H Al . 2017, PM2.5 X A (8BRS A AU AT 0 2 1k 7Tt
[J]. 85 B2 &, 7(2): 164-169.  Guo Jie, Xiao Chunling.
2017. Progress on epidemiological study of PM2.5 effect to human
health [J]. Journal of Environmental Hygiene (in Chinese), 7(2):
164-169. doi:10.13421/j.cnki.hjwsxzz.2017.02.016

bidg, ZWAF, KM, 45 . 2017, BT IR R IR AR DXL o548 <
Ji e 2 5 BE B 28 3 A (R RS AL 78 [0 AR S IR B 224, 26(1): 111~
118. Hang Xin, Li Yachun, Zhang Mingming,et al. 2017. Study on

the spatial and temporal distribution of AOD in Jiangsu Province

influenced by straw burning based on satellite remote sensing [J].
Ecology and Environmental Sciences (in Chinese), 26(1): 111-118.
doi:10.16258/j.cnki.1674-5906.2017.01.017

Hong S Y, Noh Y, Dudhia J. 2006. A new vertical diffusion package
with an explicit treatment of entrainment processes [J]. Mon. Wea.
Rev., 134(9): 2318-2341. doi:10.1175/MWR3199.1

BRI A, 280K, 55 2011 FRIE R AUOR A R I8 S RRAE 43 B [0].
5 A FE 4R K R, 36(5): 15-19.  Hu Min, Tang Qian, Peng
Jianfei, et al. 2011. Study on characterization and source
apportionment of atmospheric particulate matter in China [J].
Environment and Sustainable Development (in Chinese), 36(5): 15—
19. doi:10.3969/j.issn.1673-288X.2011.05.004

BHARAR, XUZLAE . 2017, & A0 T PM2.5 S 458 4 5 A0 AL A B 0l [].
K% FH2, 37(1): 78-85.  Hu Senlin, Liu Hongnian. 2017. Effects
of PM2.5 on the urban radiation and air temperature in Hefei [J].
Journal of the Meteorological Sciences (in Chinese), 37(1): 78-85.
doi:10.3969/2015jms.0077

Koppmann R, von Czapiewski K, Reid J S. 2005. A review of biomass
burning emissions, part I: Gaseous emissions of carbon monoxide,
methane, volatile organic compounds, and nitrogen containing
compounds [J]. Atmospheric Chemistry and Physics, 5(5): 10455-
10516. doi:10.5194/acpd-5-10455-2005

Langmann B, Duncan B, Textor C, et al. 2009. Vegetation fire
emissions and their impact on air pollution and climate [J]. Atmos.
Environ., 43(1): 107-116. doi:10.1016/j.atmosenv.2008.09.047

P, SRR, SRR, 5. 2009. 5T TE BRI RS FFAE b i I Jouf
AR 0], BB SRR 4R, 25(1): 32-37. Li
Qing, Zhang Lijuan, Wu Chuanging, et al. 2009. Satellite - remote-
sensing-based monitoring of straw burning and analysis of its impact
on air quality [J]. Journal of Ecology and Rural Environment (in
Chinese), 25(1): 32-37. doi:10.3969/j.issn.1673-4831.2009.01.007

AL . 2014. ¥ 1] WRF-Chem B0 78 SR I 5 R S B AL R AN
M) JORE b AR I A (D], o BB 22 e K 2 18 b 22 18 3, 24-
47. Liao Li. 2014. The interaction between aerosol and
meteorological parameters on synoptic time scale is studied by using
WREF-Chem model [D]. Ph.D. dissertation (in Chinese), University
of Chinese Academy of Sciences, 24-47.

Lin Y L, Farley R D, Orville H D. 1983. Bulk parameterization of the
snow field in a cloud model[J]. J. Climate Appl. Meteor., 22(6):
1065-1092. doi: 10.1175/1520-0450(1983)022<1065: BPOTSF>2.0.
CO;2

Pope III C A, Burnett R T, Thun M J, et al. 2002. Lung cancer,
cardiopulmonary mortality, and long-term exposure to fine
particulate air pollution [J]. Journal of the American Medical
Association, 287(9): 1132-1141. doi:10.1001/jama.287.9.1132

TR S, BN, BRDGHS . 2018, MR T T [X 4 428 PM2.5 5 ey
fiE B A Vg 43 BT [7]. B 58 TF%, 36(9): 99-103.  Su Hanxiao, Ge
Bizhou, Chen Xingdou. 2018. Pollution characteristics and source
analysis of PM2.; during spring and winter in urban area in typical
cities[J]. Environmental Engineering (in Chinese), 36(9): 99-103.
doi:10.13205/j.hjgc.201809020



S EE K B WA 24 %

382 Climatic and Environmental Research

Vol. 24

TRARUE 2011, FEFFAERENT R 5 R R G X s SR RS [D]. R
FAE B TR RS 247 8 3¢, 36-80.  Su Jifeng. 2011. Crop
residue burning influence on the air quality over Nanjing and
surrounding regions [D]. M. S. thesis (in Chinese), Nanjing
University of Information Science and Technology, 36-80.

Twomey S. 1974. Pollution and the planetary albedo [J]. Atmos.
Environ., 8(12): 1251-1256. doi:10.1016/0004-6981(74)90004-3

van der Werf G R, Randerson J T, Giglio L, et al. 2017. Global fire
emissions estimates during 1997-2016 [J]. Earth System Science
Data, 9(2): 697-720. doi:10.5194/essd-9-697-2017

EASH, AR . 2008, P EFEAT #E KA R 5 R HE U 2 50 A
[J]. A B BB SCAE 2R, 3(5): 329-333. Wang Shuxiao, Zhang
Chuying. 2018. Spatial and temporal distribution of air pollutant
emissions from open burning of crop residues in China[J].
Sciencepaper Online (in Chinese), 3(5): 329-333. doi:10.3969/j.issn.
2095-2783.2008.05.005

Wild O, Zhu X, Prather M J. 2000. Fast-J: Accurate simulation of in-
and below-cloud photolysis in tropospheric chemical models [J].
Journal of Atmospheric Chemistry, 37(3): 245-282. doi:10.1023/A:
1006415919030

TR, SRR, BRERE . 2018 FEFTRABEHETBON b 5 S LA it X
PM2.5 ¥ & 52w () B AL [9]. R 5 BB AL, 23(5): 587
595. Xu Jing, Kou Xingxia, Li Ziming. 2018. Modeling the impact
of emissions from crop residue burning on PM2.; concentration in
Beijing and its surrounding areas [J]. Climatic and Environmental
Research (in Chinese), 23(5): 587 —595. doi: 10.3878/]. issn. 1006-
9585.2018.17171

Zaveri R A, Easter R C, Fast J D, et al. 2008. Model for simulating
aerosol interactions and chemistry (MOSAIC) [J]. J. Geophys. Res.,
113(D13): D13204. doi: 10.1029/2007JD008782

Zaveri R A, Peters L K. 1999. A new lumped structure photochemical
mechanism for large-scale applications [J]. J. Geophys. Res., 104
(D23): 30387-30415. doi:10.1029/1999JD900876

Zhang R, Jing J, Tao J, et al. 2013. Chemical characterization and
source apportionment of PM2.5 in Beijing: Seasonal perspective [J].
Atmospheric Chemistry and Physics, 13(14): 7053-7074. doi: 10.
5194/acp-13-7053-2013

Zhang X Y, Wang Y Q, Niu T, et al. 2012. Atmospheric aerosol
compositions in China: Spatial / temporal variability, chemical
signature, regional haze distribution and comparisons with global
aerosols [J]. Atmospheric Chemistry and Physics, 12(2): 779-799.
doi:10.5194/acp-12-779-2012

Zhang Y, Pan Y, Wang K, et al. 2010. WRF / Chem-MADRID:
Incorporation of an aerosol module into WRF/Chem and its initial
application to the TexAQS2000 episode [J]. J. Geophys. Res., 115
(D18): D18202. doi:10.1029/2009JD013443

XTI, KGRI, 3, 5. 2017. 2015 47 b £ FRAT U bt x A6 s 1T
NI 2R PM2.5 AR R BCE L B S D). PRS2
5%, 30(4): 491-498.  Zhao Hongshuai, Liu Baoxian, Dong Rui,et al.
2017. Research on organic matters from biomass combustion and
status of atmospheric environmental PM2.5 in Beijing before and
after emission reduction measures during the 2015 military parade
[J]. Research of Environmental Sciences (in Chinese), 30(4): 491-
498. doi:10.13198/j.issn.1001-6929.2017.01.56

HRIEIHE, R, B IEAE, 2 2005, db st KA TR T AE M BRIk
FETSCOT MR (19 2 1 RFAE (9] 7P R (B 4 625), 35(4): 346-352.
Zheng Xiaoyan, Liu Xiande, Zhao Fenghua, et al. 2005. Seasonal
characteristics of biomass burning contribution to Beijing aerosol
[J]. Science in China Series B-Chemistry, 48(5): 481-488. doi: 10.
3969/j.issn.1674-7224.2005.04.014

BT, TR, TR, 55 2017, REFT AR SO0 DX T 2 AUR S5
W) F) AR A0 43 AT [J]. A S5 R BT 7, 22(2): 149-161.  Zhong
Fanggian, Su Qihua, Zhou Renjun,et al. 2017. Impact of crop straw
burning on urban air quality based on WRF -Chem simulations [J].
Climatic and Environmental Research (in Chinese), 22(2): 149-161.
doi:10.3878/j.issn.1006-9585.2016.16024



