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Observation and modeling study of the influence of aerosol radiation effect on meteorology and environment. YANG
Jian-bo'?3, CAl Zi-ying®, YANG Xu®, XING Rui*, MENG Li-hong'?, LI Ying-hua'? (1.Tianjin Institute of Meteorological Science,
Tianjin 300074, China; 2.Tianjin Key Laboratory for Oceanic Meteorology, Tianjin 300074, China; 3.CMA-NKU Cooperative
Laboratory for Atmospheric Environment-Health Research, Tianjin 300074, China; 4.Tianjin Binhai New Area Meteorological
Service, Tianjin 300457, China). China Environmental Science, 2023,43(1): 38~51

Abstract: Two representative years (2015 and 2019) were selected to investigate the impact of aerosol radiation effect on bulk
atmospheric transmissivity and incoming solar radiation, as well as the evolution of such effect, on the basis of in-situ observation
and numerical simulation. With the application of the online coupled atmospheric chemistry model WRF-Chem, the feedback
mechanism of aerosol radiative effect on the vertical distribution of meteorological factors, the boundary layer structures and the
PM, 5 concentration during heavy pollution episodes were analyzed. Results showed that: haze pollution could lead to the obvious
decline of bulk atmospheric transmissivity and this effect was dominant at noon. In spring, autumn and winter, haze pollution could
lead to the reduction of bulk atmospheric transmissivity by 0.09, 0.11 and 0.09 at noon, respectively. The annual mean atmospheric
transmissivity was reduced by about 15.5% due to haze pollution. While atmospheric transmissivity reduction due to cloud cover was
about 22.4%, compared to clear days. The impact of aerosol and cloud on atmospheric transmissivity was also related to solar
elevation angle. When the solar elevation angle was higher than 60°, haze pollution could lead to a reduction of atmospheric
transmissivity of 8.6%. The attenuation of aerosol radiation effect on solar radiation would be enhanced with the aggravation of haze
pollution. As the air quality level in Tianjin changing from I to VI, the mean incoming shortwave radiation flux at noon would be 484,
446, 439, 342, 328 and 253 W/m?, respectively. During heavy pollution episode, the aerosol radiation effect could lead to cooling (0.8
C) and moistening (3.8%) of near-surface layer (below 250m), as well as heating (0.5°C) and drying (2.4%) of upper layer
(300~1900m), which would then lead to the enhancement of inversion intensity and the weakening of vertical diffusion. This would
finally form the positive aerosol-radiation-boundary layer-pollution feedback, hence lead to the further enhancement of PM, s
concentration (up to 40pg/m®) near the surface, and this effect was more evident at about 16:00 in the afternoon. Since the

implementation of atmospheric pollution prevention and control actions, the air quality in Tianjin has been continuously improved.
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Compared to 2015, the annual average PM, 5 concentration of 2019 in Tianjin was reduced by 27.1% and the number of polluted
days was reduced by 43.8%. As a result, the attenuation effect of aerosol on solar radiation was weakened, as the haze pollution
would lead to the reduction of noontime atmospheric transmissivity by 0.05 in the winter of 2019. Air pollution (AQI grade higher
than IV) would reduce the incident shortwave radiation by 85.3W/m? at noontime. Nonetheless, during heavy pollution episode in
2019, the aerosol radiation effect could still exert a nonnegligible impact on the aggravation of pollution levels (up to 20pg/m?)
through the modification of vertical atmospheric stratification.

Key words: acrosol radiation effect; bulk atmospheric transmissivity; heavy pollution episode; atmospheric boundary layer; feedback
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Fig.1 Influence of haze pollution on the diurnal variation of atmospheric transmissivity (z) under different weather conditions in

different seasons
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Table 3 Day numbers of different meteorological conditions
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Fig.2 Monthly mean diurnal variation of atmospheric transmissivity (7) under different weather conditions
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Fig.6 Diurnal variation of mean planetary boundary layer
height over Tianjin with and without considering the
aerosol radiation effect
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SR RO (5 2 AR ZE R A M . 25~75 H L8 L& 10~90 1 4 hr %L

e - FH 437 T 0, T e ok R A ), K e
- PR 1K) V8NS5 A 574 5 1 B
: e A P, 5 SO BB T S KR >, 1%
. Cie e I R e B R AR R G T
i s’ S IBERE, 0 O W, DR T 400 1 K5 2
¥, T L L U AR A & B U AL
’ A AR FE 1) 7H 85, 47 R U e O 14, K
& ﬁgéfvr J2 AR (0 38 R 0 2 ) O P A R,
T PR A6 LT R 10 T ST P T e
PV e g S 30 G2 e L S B, R R
8 HD FRECGIHLZE PMy s R AT LK 3 S
RIS R HL

Fig.8 Scatter plots of HD—index versus surface PM, 5
concentrations and their correlation coefficient
RELEAREE HD Fa%hE PM, s MR AR L 34 2%

ACLL 2015 4F 12 J 7~11 HREH X BB
IR G G R RE A, o BT T S G ) R
o 5 S 2050 7 6 0 R 5 2R A L A RS2, D



134 PRI I S R X T AN A R (4 LN 5 UL 5 47

T R AT G (0 S ATEATL . b R Jok R B 1) A e [X
W4 3 H AQI ik 200, PM,s WE{HIKJEILF] 294
ng/m’ (] 9). MWL I ASE 4L 45 S ) 36f Bl il DLt Bt
XK E TG G B PM, s W2 OB 5 RAFAE — &
TR m G CF M2 59.9pg/m®), 5 ) & 6] v Gt
AU WA R B B AR AR, T 75 Y R 1 IF] PM 5
TR AR A A AR O 5 SR S AR A A —
AR FRE0.78, Bk HR % 0.81), B REW I A I
e s VK T ¥ Rl PR 1) R L X PML 5 ¥R 254K
RFAE.

10 25 T e IR T v e e 00 ) 0 P i 55
BN R HE I X PM 5 94 1 DL K i JE 6 B 20 AR A
MmN 10 Ha] CUE H, BTS00 I S R
{1453 W), Pk U FE ¥ e o R ), R M X 400m i 8
DLT ¥ B 480 5 T B s A, mp i b T A 9 1 e
i B KBEIRIE A 1°C,600~2000m 1= 23 J5 5 T
A THEIE K2 0.8°C. R AUIR 2 Y B i LA
Forb 2 TR L R 5 80T R SRR e T
5, V5 YY) T Y HO L B 2 BUR R A
ey 55 1) TF van 0 b THT o5 Y 09 1 T v s
W) &, Al ik 40pg/m’, M AE 2 500~1000m 7= 5 2 15 4

IR 1 R B — s FEPE 1R B (2 20ug/m’). I 1]
B ERAKTE ,T R A 8 N0 12 5 3 45 4
CL S5 W) B 1 RN AEF IS 16:00 e B
HH 3K 2 T AU I 4 T 0o O B B S 1) MR
ol O A 3R T i B A 21K AR, B 2 SRR e
£, I $5c 28 5L 5 Y W) o3 A JX — G A B ot R i gk
AT e B 5 [ I 1) DR 17 A A8 BH R 3 1) H ARk A7
E—E A )G

w
(=3
(=]

o SEHUE
— B

) &
(=3 (=3
(=} (=1

T

PhdzsﬁUE(pgnﬁ)
)
S
S

12-07 12-08 12-09 12-10 12-11
H 1

Ko JHHIX 2015 £F 12 A 7~11 H-— K5 4L Fe i [a)
PM, 5 ¢ S5 S AU X EL
Fig.9 Observation and simulation of PM, 5 concentration in
Tianjin during a heavy pollution episode from December
7to 11,2015

0:00 3:00 6:00 9:00

PMa s K ZEAH
(ng/m’) -20  —10 0

12:00 18:00 21:00

i %)
I
10 20 30 40

K10 2015 48 12 ) 711 H— Y5 Gl A 01 10 =008 R S 280 5o A [ v J82 Uk B2 T P 5 ¥R JEE 5 i P I T Y A 37
Fig.10 Vertical distribution of temperature and PM, 5 concentration differences between with and without considering the aerosol
radiation effect conditions during a heavy pollution episode from December 7 to 11, 2015
SEE LA ZE L IO ARR PMy s VR 72, 75 P8O IS S 200~ R 2% R OV IR

2.3 AREG RIS R IR R U
SERFPEROIRIN Y2 5750 17

R BE A KI5 e Biva AT sh I R 85 N, R
X A RS R T B E.2019 5 2015 4F



48 A

AHEG, R X A1) PM, s JBTE IR T B 27.1%(3
12015 4E PMys ‘PRI E K 70pg/m’,2019 4N
S1pg/m’),LL PM, s 4 15 15 YW B brds Y R B
/b 46d(FH:71,2015 4F 105d,2019 4E 59d), Bk 4y 4
R HGE(K 4).

F4 2015 FM2019 FRBET=SRELT U
Table 4 Comparison of the air quality in Tianjin between
2015 and 2019

A 2015 4 2019 4
SRR (ng/m’) 70 51
APV e 57 29
YN PN R ey
BERHRBOU e 2 19
éﬁﬁ’[/j\ PM; 5 ﬁﬁ% —_
) TR 20 !
PG Y 5 /

KT PMas WREEZKSF (AR 4k A 20 4R 5 | e
X R AR R PR S M R FE (R O B 11 2 T
T 2019 AR &5 SRAT 21 1K) 55 5 HO0) I R B R K
AOE R HARRE R . BT 2019 4F PMys
YR SN QIS TR A = e S S S e S =
WA EEX T T 2019 SEAZHE R LM 56
VIRAAE RIS LS R (B 11255 - 11 DU 1
(Fy % L AT LAt H T R i X2 Ao R R 4
N BT R R A DL R PMys W BE KSR
F5,2019 4F A ZE 55 Y 5 s R OKA0% I 26 1) 52 il
W R ER TR E NGB R SE RS AN
FGULAE T R 11:00~ 13:00 K08 I RN
0.05(10.4%).

B 12 45 T 2019 FFEAFEARF A EEH

ZAE I 3 AR NI R 5 A A e H AR AR A 1 LR

1T 2019 4= K Hh Xk 2177 55 Yo (VIZ) K I IR
IR R A I get o VUL B B 12(a)
AT BE A TG S SR L A (11:00~13:00) Hi
PN IBF PR A I8 B AR IR 474(1),416(11),
430(111),399(1V),378(V 2% LA _E)W/m> .75 YL K< (4
AR IV LA BT, A b 3R N S R O e A
WEAE T EH KR AR TR b4
85.3W/m”. il it 5 & 5 1 2015 445 B (15t b,
W 7 o o R A B X A A 11 e, R HR R
WD ST B o0 b 3 NS K B 4 S5 i o 1) R AR
FH IR 551X — a3,

A 43 %
e — MR
0.8 s R
M 0.6
%)
v
< 041
02
L 1 1
0:00 6:00 12:00 18:00
I Z1
Bl 2019 GEA TG Yot RB)Z KB (n) H A2
R 0 5 )

Fig.11 Influence of haze pollution on the diurnal variation of
atmospheric transmissivity () under clear days in the
winter of 2019
800 I

(AR PSR I
& 600
£
2
& 400
.‘E}_‘E‘[
=
Ll:.[z
P 200
0
0:00 6:00 12:00 18:00
800 =
(O) T ~o-
R lepS
Ns\E 600
g
& 400
p=
m
I 200
=
0
0:00 6:00 12:00 18:00
I %1

K12 2019 EAZEAN ) AU e 55 0 DA RVl A e
I TN SRS R A e AR R
Fig.12 Diurnal variation of surface incident shortwave radiation
fluxes under different AQI levels, clean and polluted

conditions in winter of 2019

B — 2R BIIHE AN 5 Gl B 6 45 It 11 S5 it
AR AR TR AT B T2k AR 1M, K
S RURE v G AT e B H T P 3 A I
FRZ R i 2 S T DX, DA v B A RORE ) 4
k1 Ty Y KA R AT R AR Ak 4 R,



134 LT

U BRSNS R AN IR ) (I U 5T

49

2019 FERHEHIIX LA PMy s by 15 4805 G 11075 L i bR
REAER]T 59d,H b Eys Yo RE0k 11d.

K13 45 H T 2019 4F 12 A 7~11 H R EHH X —
URER Y5 G R A R 18], 0 e 2 S S A 255 I v e
FLJ7 ) B BA B PMy 5 ¥R J5E 43 A 5% W F) B[] — 1
5 50 T P A s R B 1) R L X AQIL: 42 4d i i
200,PM, s U A1 ¥k S8 35 31 229ug/m’ 454 18] 13 7T 41,

HAR Y 2015 4R [R]IAH BE, e G R v G B B2 AT P ok
et 1B T S I B 28Ny 3 o g G B )
M TR UL RE B R B, DA A v e 2 KRR TR Gl
JEAALMREBEZT 0.6°C), 32 I 52 i) 34 Fi 2 10 it i 3 0
98, KT Q) T B HLRE ) 58, I 4 B0k
J& KT R 2t — 2 I PMys IR BT 4
20pg/m’.

29
1.8
1.6
1.4
5
0.8 /_iz_‘:‘\
0.2
0.4 T —0.2 O Ty 0.2
g 4 / 7777777777777
< 02 04 g
=
iz
o ’,«" """"""
0:00 3:00 6:00 500 1200 50 21:00
Sty B N %
PMy s W2 3]
3 |
(ug/m’) 10 -z 0 5 10 15

K13 2019 4 12 FH 7~11 H— RS Gt R 30 1) R S A0 ok A [ vy P2t FEE AT P s 94 PS8 S ) I )5 AR 35
Fig.13  Vertical distribution of temperature and PM, s concentration differences between with and without considering the aerosol

radiation effect conditions during a heavy pollution episode from December 7 to 11, 2019
S L AR S ZE (1, U O ARER Py s U JSE 22 181,755 F8 AU TR AR AN~ R 25 P R I8 S 28

3 Hit
3.1 FyG R REON BRI PR K

KN ZE AT 56 5 e m] 3 BUR R A KB R R )y
SR F% 0.09, 0.11 A1 0.09. 24P ¥k E S5 Y] 3
F|RAIBE I TG 15.5%. = B 118 2 tha] SEOK
A I IR, HRE K BH A S 1R S s E F 5 T
.2 KA KRB A LS RN 22.4%
SN 20 KA I 21 5 3 5 OK BH = FE AR,
K BH =3 A >600 1), 3 75 e S EUR B R R RF
21 0.07(%) 8.6%).

3.2 BT YL ARG iy, RO O B 4 A ) e gk A
A, > R X TR A R T ~VIZ I, 4 2R
HHZF b e N SRR D S T A TR 484,446,439,342,
328,253W/m>. 5 Y 4 E (/TR IV 2 LA L) AR EL i
SRR T 40) 1, oo/ b T2 10 1) e s

S ERD 27 155W/m?(32.0%).

3.3 TG YL ), R S Ak N T S ORI
B 3.(0.8 °C) A R (3.8%), Ifif H vy J2 19 ¥.(0.5 C) A
T(2.4%),100 2 5 B B AR, /< T EL 1R ) ok,
Toe B BT I B - 10 2 T G I R B RL
H1.2015 £ 12 H — UK 5 e 1), B S I 5L
T2 400m LA PMy s ¥ B8 HE AR T iy, FL v i th i
Thi B e S G 40pg/m”), FLIKA S A8V AL AF
J5i 16:00 1 5.

3.4 TR KA T W R G B2 LR, R
VoS 5 %ot K B 48 S5 1) SR kA Y ) 22 9592019 4E 4 Z
Fi75 g FHP KA N 0.05, IV L, g
Pe RAMBETHEAAE R AT P20 N 9 e i
BN 85.3W/m L I, 2019 £E 12 F]— IR &Yy
e 1 1), I A S B AL A AP o e A e
JE J2 45 65 G B 0 (20 20pg/m®) = AR AN AR



50 A 43 %
j'%ﬁ l]ruj . [12] Chan Y C, Simpson R W, Mctainsh G H, et al. Source apportionment
of visibility degradation problems in Brisbane (Australia) using the

STk multiple linear regression techniques [J]. Atmospheric Environment,
o N \ 1999,33(19):3237-3250.

(1] ARAEEEE 8 75 B A T PR 58 KU v e e e ol i Yt i .

ope , Burnett , Thun , et al. Lung cancer, cardiopulmonary,
[13] Pope C A, B R T, ThunM]J I.L diopul
). R ERELE, 2004,34:958-966.
Xu X D, Zhou L. Zhou X I, et al. Peripheral source influence area in and long—term exposure to fine particulate air pollution [J]. Journal of
’ ’ T i the American Medical Association, 2002,287(9):1132-1141.
the process of heavy pollution of urban environment and atmosphere
0], Sei China: Farth Sci 2004.34:958966 [14] Zhang Y, Wen X Y, Jang C J. Simulating chemistry—aerosol-cloud-
. Science China: Eai ciences, ,34:958-966.
[2] Guo S, Hu M. Z M L. et al. Elucidati ban radiation—climate feedbacks over the continental US using the online-
uo S, Hu M, Zamora , et al. Elucidating severe urban haze
formation in China [J]. Proceedings of the National Academy of coupled Weather Research Forecasting with chemistry (WRF/Chem)
J]. Atmospheric Environment, 2010,44:3568-3582.
Sciences of the United States of America, 2014,111:17373-17378. 1l P

[3] Zhang J K, Sun Y, Liu Z R, et al. Characterization of submicron [15] Zhang S, Wang M, Ghan S J, et al. On the characteristics of aerosol
aerosols d;ring a, month (;f serious pollution in Beijing [J] indirect effect based on dynamic regimes in global climate models [J].
Atmospheric Chemistry and Physics, 2014,14:2887-2903 Atmospheric Chemistry and Physics, 2016,16:2765-2783.

(4] IO 00 i T2 A 2 K 5075 T LA S R (0], [16] Ding A J, Fu C B, Yang X Q, et al. Intense atmospheric pollution
FI2258 L 2018.63:1375-1389 modified weather: a case of mixed biomass burning with fossil fuel
SR, ,03:1375-1389.

Sun Y L. Vertical structures of physical and chemical properties of combustion pollution in eastern China [J]. Atmospheric Chemistry and
Physics, 2013,13(20):10545-10554.
urban boundary layer and formation mechanisms of atmospheric ySIes, ( )
. Rl s 1 (RS s R
pollution [J]. Chinese Science Bulletin, 2018,63:1375-1389. 7] & s 4 R WIGITLLRE 7). "R AL,
. - 2016,6(2):56-63.

(ST K 1 A R, 2 2 T A 45 i B PMas 2B 1 @)

MOV AL ST (], TR ERBERIE, 2002,42(5):2025-2033 Zhu B, Guo T. Review of the impact of air pollution on fog [J]. Advances in

R I -3 2N . SR - N X B - .

Zhang HY, Li Y P, Du S L, et al. Variations and sources of protein Meteorological Science and Technology, 2016,6(2):56-63.

concentrations in PM, sduring winter haze pollution process in Xi'an [18] Ding Q J, Sun J N, Huang X, et al. Impacts of black carbon on the

[J]. China Environmental Science, 2022,42(5):2025-2033 formation of advection-radiation fog during a haze pollution episode
(6] S0 AT T, 5 7 b T 70 4R SKgk 75 b in eastern China [J]. Atmospheric Chemistry and Physics, 2019,19:

/N

i 525 1] FRERIERI, 2019,32(10):1621-1635. 71397774

Wang W X, Chai F H, Ren Z H, et al. Process, achievements and [19] Gao X, Giorgi F. Increased aridity in the Mediterranean region under

experience of air pollution control in China since the founding of the greenhouse gas forcing estimated from high resolution simulations

People’s Republic of China 70years ago [J]. Rescarch of with a region climate model [J]. Global and Planetary Change, 2008,

Environmental Sciences, 2019,32(10):1621-1635. 62(3):195-209.

(7] /N R, T 0, %%.2013~2017 40 % & A Aot o [ 76 1 [20] Ramanathan V, Chung C, Kim D, et al. Atmospheric brown clouds:
HBEX PMs JREE T A EOS0 []. P RS B EREL2E, 2020,50: Impacts on South Asian climate and hydrological cycle [J].
483500 Proceedings of the National Academy of Sciences of the United States
Zhang X Y, Xu X D, Ding Y H, et al. The impact of meteorological of America, 2014,102(15):5326-5333.
changes from 2013 to 2017 on PMs 5 mass reduction in key regions in [21] Rosenfeld D, Andreae M O, Asmi A, et al. Global observations of
China [J]. Science China: Earth Sciences, 2019,62:1885-1902. aerosol-cloud-precipitation—climate interactions [J]. Reviews of

[8] AEHTLLH [ SO T B A TS Y s PMo s ORI R WK P Geophysics, 2014,52:750-808.

SMATHIAIREDESE (D], Jst:h R B K2, 2014, (221 5k A TSR 25, B KU R ML URAON M. BT
4 3 41—

Ren L H. Aerial measurement study of the gaseous pollutant and PM 5 Sl iAt, 2018:41-71.

particle—size spectra over a typical city—cluster in China [D]. Beijing: Zhang H, Wang Z L, Zhao S Y, et al. Atmospheric aerosol and its

University of Chinese Academy of Sciences, 2014. climate effect [J]. Beijing: China Meteorological Press, 2018:41-71.

[9] AnZS,Huang R J, Zhang R Y, et al. Severe haze in northern China: A [23] Charlson R J, Schwartz S E, Hales J M, et al. Climate forcing by
synergy of anthropogenic emissions and atmospheric processes [J]. anthropogenic aerosols [J]. Science, 1992,255(5043):423-430.
Proceedings of the National Academy of Sciences of the United States [24] Li Z Q, Guo J P, Ding A J, et al. Aerosol and boundary-layer
of America, 2019,116(18):8657-8666. interactions and impact on air quality [J]. National Science Review,

[10] Wang Y, Wang Y, Wang L, et al. Increased inorganic aerosol fraction 2017,4(6):810-833.
contributes to air pollution and haze in China [J]. Atmospheric [25] Twomey S. Pollution and the planetary albedo [J]. Atmospheric
Chemistry and Physics, 2019,19(9):5881-5888. Environment, 1974,8:1251-1256.

(1] BT XIHEES,E 65 e TR R % - gt Rl [26] N SEE AR A\ W IR IR I 2 TR ERE . (1], R
FUZEFAE (7). B EEAEIRE, 2022,42(9):4018-4025. Fl2#, 2013,33(2):84-92.

Meng L H, Liu H L, Wang W, et al. Boundary layer characteristics of Wu P P, Han Z W. A review of indirect anthropogenic aerosol effect [J].
fog — haze in Tianjin based on multi — source data [J]. China Chinese Journal of Atmospheric Science, 2013,33(2):84-92.
Environmental Science, 2022,42(9):4018-4025. [27] Ferrero L, Castelli M, Ferrini B S, et al. Impact of black carbon



Mo a5 :

U S N B AN A

S5 R (R O 5 BT 5T 51

(28]

[29]

[30]

B1]

[32]

(33]

[34]

[33]

[36]

371

[38]

[39]

[40]

[41]

aerosol over Italian basin valleys: high-resolution measurements along
vertical profiles, radiative forcing and heating rate [J]. Atmospheric
Chemistry and Physics, 2014,14(18):9641-9664.

Samset B H, Myhre G, Herber A, et al. Modelled black carbon
radiative forcing and atmospheric lifetime in AeroCom Phase II
constrained by aircraft observations [J]. Atmospheric Chemistry and
Physics, 2016,14:12465-12477.

Huang X, Ding A J, Liu L, et al. Effects of aerosol-radiation interaction on
precipitation during biomass—burning in East China [J].
Atmospheric Chemistry and Physics, 2016,16:10063-10082.

Wang H, Xue M, Zhang X Y, et al. Mesoscale modeling study of the

season

interactions between aerosols and PBL meteorology during a haze
episode in Jing-Jin-Ji (China) and its nearby surrounding region—Part
1: Aerosol distributions and meteorological features [J]. Atmospheric
Chemistry and Physics, 2015,15(6):3257-3275.

Sun K, Liu HN, Wang X Y, et al. The aerosol radiative effect on a
severe haze episode in the Yangtze River Delta [J]. Journal of
Meteorological Research, 2017,31:865-873.

BRIk 7, T, ORI LR R BN R R R
BT (1], R, 2017,37(3):908-914.

Cai Z'Y, Yao Q, Han S Q, et al. The influence of the air quality and
meteorological field about aerosol direct climate effect on Tianjin [J].
China Environmental Science, 2017,37(3):908-914.

Xiao Z M, Zhang Y F, Hong S M, et al. Estimation of the main factors
influencing haze, based on a long—term monitoring campaign in Hangzhou,
China [J]. Aerosol and Air Quality Research, 2011,11:873-882.

Zhang Y L, Cao F. Fine particulate matter (PM, ) in China at a city
level [J]. Scientific Reports, 2015,5:14884.

P, AISHEEE, A B8, A5 DU B IUEE 55 PM s R AR R R
(RIAELRAE ST SRR WLRE TR [7]. U524, 2016,74(2):189-199.

Bai Y Q, Qi H X, Liu L, et al. Study on the nonlinear relationship
among the visibility, PM,s concentration and relative humidity in
Wuhan and visibility prediction [J]. Acta Meteorologica Sinica, 2016,
74(2):189-199.

Johnson E S. The solar constant [J]. Journal of the Meteorological
Society of Japan, 1954,11:431.

G R B R B R B B v S () (0] KB,
2016,3:15-16.

Wang B Z, Shen Y B. The evolution and progress of the study of solar
constant (part 1) [J]. Solar Energy, 2016,3:15-16.

Eva H, Lambin E F. Burnt area mapping in central Africa using ATSR
data [J]. International Journal of Remote Sensing, 1988,19:3473-3497.
Yegorova E A, Allen D J, Loughner C P, et al. Characterization of an
eastern U.S. severe air pollution episode using WRF/Chem [J]. Journal
of Geophysical Research: Atmosphere, 2011,116:D17306.

Su L, Fung J C. Sensitivities of WRF-Chem to dust emission schemes
and land surface properties in simulating dust cycles during springtime
over east Asia [J]. Journal of Geophysical Research: Atmosphere, 2015,
120:11215-11230.

Tao W, Su H, Zheng G J, et al. Aerosol pH and chemical regimes of
sulfate formation in aerosol water during winter haze in the North
China Plain [J]. Atmospheric Chemistry and Physics, 2020,20(20):
11729-11746.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Su X, Tie X X, Li G H, et al. Effect of hydrolysis of N205on nitrate
and ammonium formation in Beijing China: WRF-Chem model
simulation [J]. Science of the Total Environment, 2017,579:221-229.
Wi WL BT B EE T, AR B T AR B B — KT
RS FR T [J]. FAEERFE, 2021,42(1):9-18.

Yang X, Cai Z Y, Han S Q, et al. Heavy pollution episode in Tianjin
based on UAV meteorological sounding and numerical model [J].
Environmantal Science, 2021,42(1):9-18.

BTRUE R, M 0,5 IR T RO R I R A R AR
TR A TR BTt (] FEEREE, 2022,43(5):2415-2426.

Cai Z Y, Tang M, Xiao Z M, et al. Improvement of environmental
model prediction based on inversion and aerosol assimilation [J].
Environmantal Science, 2022,43(5):2415-2426.

Sumita K, Ribu C, Sahidul I, et al. Regional simulation of aerosol
radiative effects and their influence on rainfall over India using
WRF-Chem model [J]. Atmospheric Research, 2016,182:232-242.
Crippa P, Sullivan R C, Thota A, et al. Evaluating the skill of
high-resolution WRF-Chem simulations in describing drivers of
aerosol direct climate forcing on the regional scale [J]. Atmospheric
Chemistry and Physics, 2016,16(1):397-416.

Forkel R, Werhahn J, Hansen A B, et al. Effect of aerosol-radiation
feedback on regional air quality — A case study with WRF/Chem [J].
Atmospheric Environment, 2012,53(6):202-211.

Wang J, Allen D J, Pickering K E, et al. Impact of aerosol direct effect
on East Asian Air Quality during the EAST-AIRE Campaign [J].
Journal of Geophysical Research: Atmosphere, 2016,121:6534-6554.
HKODF IR AR AR R ML BE AR AR bR i 4T
AMERIREEN T [J]. LLAMER, 2016,38(12):1047-1052.

Zhang F, Qi L L, Ge J, et al. Effect of typical-aerosol and visibility on
the mid- and far-infrared light-wave transmission in the standard
atmosphere [J]. Infrared Technology, 2016,38(12):1047-1052.
BEFRALEFOT, IR SR R X G G R Ao T T R B R bR
Mg JOEH [7]. FREERL, 2018,39(6):2548-2556.

Cai Z Y, Han S Q, Zhang M, et al. Construction and application of
vertical diffusion index for analyzing weather during pollution events
in Tianjin [J]. Environmantal Science, 2018,39(6):2548-2556.

VESH e, X1 SR, i 56, 55 5T CALIPSO [FABd bt X A e Tl 1 5%
AVRHAE [1]. KARHESAR, 2018,41(1):126-134.

Xu X F, Liu C X, Tang Z W, et al. Characteristics of aerosol vertical
distribution based on CALIPSO in North China [J]. Transactions of
Atmospheric Sciences, 2018,41(1):126-134.

£ OEAEE B EV B AR RO R X K AR K
SR ORI IR [J]. KRR, 2007,31(3):515-526.
Wang H, Shi G Y, Wang B, et al. The impacts of dust aerosol from
deserts of China on the radiative heating rate over desert sources and
the North Pacific Region [J]. Chinese Journal of Atmospheric Science,
2007,31(3):515-526.

Huang X, Wang Z L, Ding A J. Impact of aerosol-PBL interaction on
haze pollution: Multiyear observational evidences in North China [J].

Geophysical Research Letters, 2018,45:8596-8603.

TEEEIN: B i(1989-), 53, K0, i g TR, -, R T il 57
RS RARIRERIIRF 10 K5





