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Abstract Since 2013, low visibility events have been repeatedly observed in Beijing-Tianjin-Hebei and its surrounding regions.
PM, 5 concentration and humidity are considered to be key factors leading to low visibility. Using surface meteorological data from
MICAPS and PM, 5 concentration observation data from the China Environmental Monitoring Center, the influences of PM, 5 and
humidity on visibility under different relative humidity (RH) and pollution levels are investigated. According to the differences in
geographical environment and pollution degree, the study region was divided into Beijing-Tianjin and Hebei-Shandong regions. The
multiple regression equations of visibility, PM, s concentration, temperature and dew point temperature are established based on data
of January 2017, and these equations are tested using the data of January 2015, 2016, 2018 and 2019. Results show that when
RH<70% and PM, 5 concentration<<75 pg/m’, the visibility in Beijing-Tianjin region and Hebei-Shandong region is usually higher
than 10 km. The increase in PM, 5 concentration is the dominant factor for the rapid decrease in visibility. The combination of
increase in RH (70%—85%) and increase in PM, 5 concentration (75—200 pg/m®) can result in further decrease of visibility (10—
5 km). The decrease in visibility (5—2 km) is mostly depended on further increase in RH (85%—95%), while the correlation between
PM, 5 concentration and visibility becomes weaker in this situation. The decrease in visibility to 2 km or even lower is mainly due to
the extinction of droplets under the near saturation of water vapor (RH> 95%), and has little relation with changes in PM, s
concentration. Compared with establishing the visibility fitting equation directly without grouping, establishing the visibility fitting

equation according to the RH above or below 85% respectively can greatly optimize the multivariate regression models. The RMSEs

e B [ 5 E U &R E (2019YFC0214601 ., 2016YFC0203300) | [ 3R [ SR B 5L 470 H (41590874, 41790471 41530427) | i BB
I S R £ T (XDA20100304)
TEB A XIIRAR, EEENESIA RSN ISE o E-mail: liuzhaodongkk@163.com
MR R, EENF P RESES . &R 1% KBERL, SIE RS BEBONHIT . E-mail: shenxy@nuist.edu.cn



680 Acta Meteorologica Sinica S5  2020,78(4)

for visibility fittings with RH>85% decreases from 9.2 and 5.2 km to 0.5 and 0.7 km. The visibility in January of 2015, 2016, 2018
and 2019 are well reproduced by these fitting models. Correlation coefficients between the observed visibility and the calculated
visibility all are higher than 0.91. This study provides a new visibility parameterization for the haze-fog numerical prediction system.

Key words Beijing-Tianjin-Hebei, PM, 5 concentration, Relative humidity, Visibility, Multiple nonlinear regression
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Fig. 1

(a) Spatial distribution of monthly average visibility in Beijing-Tianjin-Hebei and its surrounding regions

in January 2017, (b) Topographic features of the study region and the distribution of pollutants observation

stations and surface meteorology stations



682

AR 1 H BRI 85% K B o 4, 43 )
S PM, VB REEIRE (iR . 88 R EARER)
XFRE UL BE 1) Z2 0 (AB ) M I A D7 B . DTS e
B BT 43 e HO b T - X S ) e -
LI 7R b DX R UL B AR AR Tk . R TR 5 T AR LA
J7 B e UL WU AR 01, A 2015, 2016, 2018 5
2019 4F 1 H BCUR K 35 9005 J7 B o T 0 FH 1 4 X
JE (RH, %) FIiiL B 58 0525 (T-T,, C) RIREE(T, °C)
SRR (T,, °C) IR 8 % FEFFAE, 2013),

32017 4 1 HREWEARAL K PM, W JEE
PSR R EP S )

Bl 2a k2017 4F 1 A Jbo - R EE L X 50 k-1
2R b DX DX 8 2 8 L BE AR RE DL BE H &, Wl b1l
7R X RE WLJE A EIEACN 8.9 km, BEULIE/NTF 10 km
1) H R 20 d; db 50 - K e H X SF- 34 6E 0 B
1R, 2SR X B . P b KRR UL AR T 2 km
B H A, 93 54d, B2b 201741 A
Wi X DL R b mt . R, WAL & 5 I AR BE R 4 0
AE UL H A RS R P 5. ml 0L 2017 4F 1 F 00
# T 3WARE W AR T 5 km AR 2Lk B, 290 K
1 H1—8H . 13—18 HM23—26 H, fig W FAH
HWE2km LT,

T RGY R S 1 b XA BE D B AR A

15 30
a
Il Visibility @ | 27
Il Days of visibility < 10 km
12 B Days of visibility <2km 4 24
121 ©
= g
g 9t 118 &
>
£ 115 £
Z 6 112 &
g :
4 g —
3 6
13
0 0

Jem—Ku
(Beijing—Tianjin)

IO [ tiFN
(Hebei—Shandong)

& 2

Visibility (km)

Acta Meteorologica Sinica S5  2020,78(4)

Brr 2017 4 1 3 dbst . R & . 55 B AE A A 4R
TR T % 3 h 8 W5 PM, o v B 1S 2 A 5 4
AL 3) . HMIE 3 AT, 4 AS3TT 10 km % 2 km
(I RE DL 22 % A T AR BE IR T 85% s, BL i AE UL
JE Bl A PM, ¢ W EE T 2 48 50T B, A0 UKL v
Th i 2 B8 WL R0 32 5 2R, A B AR AR 1 52
MAAE /0N o ARV N 85% | T 95% S fE WL i
— I THZE2 kmEZE 1 km 19 E5 R, PM, , 1k J¥
5y R UL T B TC A B AH OGO R, IR T A
S K A R P A AR TR T 2 K T R L
fE W B PR B9 = EF (Ye, et al, 2013; Liu F, et
al, 2019; Wang X Y, et al, 2019) . AH X} 1% J& #8 i
95% B, BEMLEE i — 2P PREZE 1 km LI F E2EH
TR R AR A B RR S TR B 5 BB S
(Quan, et al, 2011; Jia, et al, 2019) . A X} {& J& ik
T 85% 1Mif PM, s M i I T+ E= 24 250 pg/m® B, b5t
RGeS — 2 TR 1 km LT, Frrgne
WEESTRER2 km LT, MBS 68 WL EART 1 km
U 5 2 R A AR X B R T 85% I, R W] i AR
JE B PM, s MR B I S At at L R, B KRR
DL EE, I 6 0 AR g L RE 32 P v PR R R R B
BeAh, b at 5 R\ 7 A BRAEXHE BEALTF 85%.
PM, s R EEAR T 75 ng/m?, M HE WK T 5 km, H
3ABPIR KRG 5, 1 DR RS, 3K

—— Jt&t (Beijing) —— Kt (Tianjin)

(b)

30 | %W (Jinan) —— JBH (Xingtai)
— ALK
25 (Beijing—Tianjin)

- AR
(Hebei—Shandong)
20 +

15

10 +

21 26 31 Jan

(a) 2017 4F 1 A 4t at- K Huh X 5 k- 1L AR b X X3P 68 0L B2 S5 8 L EE IR T 10 km 5 2 km H %Y,

(b) JEHT-REHX , FAb- IR X, Jbnt, K, G SHFRI A ILEE H (5]

Fig. 2

(a) Regional average visibility over Beijing-Tianjin region and Hebei-Shandong region and number of days

with visibility<<10 km and <2 km during January 2017 , (b) Time series of daily average visibility in
Beijing-Tianjin region, Hebei-Shandong region, Beijing, Tianjin, Xingtai and Jinan



XKIIRARE . RUERTE R JA 14 X & FE g

30 ,
! (a)
25 i 90
1
o o |
1S o :
X ] 80 —_
i >
215 | ¥ 0%
3 ; =
:c>z ¢ 60
10 + ! 50
5 40
30
1k
0
0 75 150 250 350 450 550
PM, . concentration (pg/m®)
30 . .
[ ) : [ ) : (C)
25 + i i ° 90
.I 1
| i y = 1628.26x 1! 85
2 20 -4 1g° : R2=0.28
< i i 80
~ e 1 O\o
E 15 + I ° i 0z
a2 [ ) 1 I
3 R Y | 60 =
'S | | |
10 ' | 50
1
5 i 40
30
1t
0
0 75 150 250 350 450 550

PM, s concentration (pg/m®)

ULIE 5 PM, 5 & BE FIVER SR 0 182 119 22 7T (1 )5 0

683
30 ,
b
o © 95
1
2 r | 90
1
i y=1218.63x 13 85
z 20 i R2=0.39
< ! 80
> i &
£ 15 | ' 70 z
Zg 60
10 + 50
5 40
30
1 F
0
0 150 250 350 450
PM, . concentration (pg/m®)
30
(d)
95
25 + 9
y=1359.27x 117 85
= 20 r R2=0.22
3 80
> S
% 15 + 70 E
IE 60
10 + 50
5 40
2 30
0

0 150 250 350
PM, s concentration (pug/m®)

K3 20174 1 H (a) et (b) Kt (c) B (d) FERIEARARXREL T REILEE S PM, 5 R BE IR A S 4005 it 28

Fig. 3

Scatterplots and fittings of visibility and PM, s concentration under different relative humidity (shading) at stations

in (a) Beijing, (b) Tianjin, (¢) Xingtai and (d) Jinan in January 2017

W R
4 REMLIERZ [N 7 513 50 A

BEFEYEAS

20 UL ) 5 G AR A B T U R 4 R g
DURERY G R o TR BR 22 W IR 43 Hr R
AR, FLE R /N B A BRI R, HAE /N T S C
B, 38 A R S R A BB AR, B4
At 5T - R b X5 T b - L 2R b X XSO 34 LR S
PM, s Ve J3E | LI % 0 25 BRSO AR RBL A il (D) 2R

ME 4a, B b, 0T LA H, A0 XHR AR T 70%.
PM, s W AR T 75 pg/m? i, Jb 50 - K e X e 5 ) -
AR X SR A WL £ T 10 km, 28 S FR 404, fig
JE B PM, 5 1¢S5 119 T80 0 3 AT, A8 XA X a] 7Y,
UL BE AR 2 i PM, s MR T S 8 KA EE

4.1

XFRE UL A AR R R SE W . PM, 5 ik M
75 ng/m® EJFZE 25 200 pg/m® Bf, HE WL EE M 10 km
TREE LYY S km, [7] B Bl & AH X B 70% T
B 85% A2 A7, 2 A XTI B A PM, 5 ¥ J3E X 6B DL 5
B AL [F] R2 m J2 BE WL EE M 10 km FREZE 5 km Ay 3%
JEA 5 24 PM, e B 7 1 6l 4k 2 - T i A X B
AN KIS, PIAS M X BB UL I R i — LB BT
B, MRAE S km BT B2 3o 10 AH X B2 A 85% I
T+ 2 95% 23 B8 WL BE #F— 0 N FE % 2 km, X 7] BB
F 2 S P ROVR A TR R I B K B R R
JiekE F (B B2 &k . A PR £ . B 28 8 4 T s PR AL
S IR AR RS T B (Ye, et al, 2013; Liu F,
et al, 2019; Wang X Y, et al, 2019); 4 AH % i & 1
i 95% B, PM, s ¥R FE7E 100 pg/m® & 300 pg/m’ 2
) AE Ak, MRS 5 - T X AT - 1 4 3 X DL 34



684
30
(a)
y =50.11 — 8.70 Inx 95
25 |+ R2=0.77
o y =29.4—5.06 Inx 90
° R2=0.73
~ 20 | y=—0.01x +2.75 8
g 80
2 15 70
=
:‘>Z 60
10 b O oo 50
40
5
30
2
0
0 75 160 240 320
PM, ; concentration (pg/m®)
30 :
i (b))
! y=50.10 — 8.70 Inx 95
25+ ® ! R2=0.80
o0 ! y=-0.03x + 10.37 90
i R2=0.48
~ 20 i y=—0.01x + 2.48 8
215 i 70
'_5 1
) ! 60
> 10 bt I e
10 3 50
i 40
5 4
! 30
; i
0 75 160 240 320

PM, ; concentration (pg/m®)

B4 201741 7 () E-KEHIX S (b) WHb-IIARM XA FIARXHZE T GE LB 5 PM, 5 # B

RH (%)

RH (%)

Acta Meteorologica Sinica K54  2020,78(4)

30
o o ° -..- /‘, P
o
25 | ~9 SO’. ]
o‘ ‘00
= 0r e o0 gO L4
g oo ®%e V8
Z1s) "0 %o g o
2 l. °
& e® e 0 °
> 10 e8¢ ' ' o’ o
o“
e® o _
5| e o y=1.22x+0.47
] e ©® R2=0.71
0 1 1 1 1 1
0 5 10 15 20 25 30
T-T, (C)
30
(by)
25 | oo
] o, .7
°
e Q@ o )
e o %0 ,.
20 +
E ) .o o., 2 ‘
< ° P
2151 00. 3’&'
S ® .
2 ° L) ” S e
S ol .30
. 000
5 c: y=1.05x+0.78
° o R2=0.76
0 1 1 1
0 5 10 15 20 25 30
T-T, (C)
(al\bl)\

IR 525 (ay, by) BN BAUG M (ED) 28 CHIXHIHE KT 95% i A (Dl A 28, A HE
KT 85% Ml Ryl Al A48, HIXHRE /N T 85% B ML A LR)
Fig. 4 Scatterplots and fittings of visibility and PM, 5 concentration (a;, b;)under different relative humidity(shading),

temperature dew point difference (a,, b,) in (a) Beijing-Tianjin region and (b) Hebei-Shandong region in

January 2017 (black lines represent the fittings when relative humidity >95%, blue lines represent the fittings

when relative humidity >85%, red lines represent the fittings when relative humidity <85%)

R 28 2 km i TG, 22 B DU 68 UL 80 2 2 %5
T H 6 B (Quan, et al, 2011; Jia, et al, 2019)

&l 4a, F1 b, R T il B 88 5 25 % RE UL BE Y 52
Wl AT LA, 6 A X &, BE U B ey L R
2SR, TR RO O, R WY R A B X
fE LB A B RS2, TS e UL AR T 5 km,
T 7 22N T 5°C B, o B O WA N, R
B M X S km DL A6 UL B HLA BH 2 DTk . B

DLPEERE R 2 km DUR I, B9 B OZ AR /D, WAk
B 30 L R g 2 R O A AR R AL S ) R T iR

B2, PM, s Wk T SR AR X R AR T 70% B
AEDLERRAR N =R F o BEE IR E 0 T+ 5

T 70%) , PM, 5 #¢ & X BE WL 1% 28 1k () 53 mik A B
Bk, B 358 00 2 X B DL B2 A2 b 1) T R 3% o 1 K, R
EXTREE FEESkmEE2 km I FEXEE,
YA E R T 95% IF, BE DL s i 32 02 S5

FLAEHEE K
4.2 ZIELMEYIRE

IR HE UL BE A B R U A A (1 4) /B, AN
MR T RE LB 54 I F LA CRA 3220,
B 2017 4 1 H WFSE X B 248 20 3% 3 h B4 #4224 X
YEU*? 85%%&}?@2@ I3 WIEAT PM, W L TR
i B X e UL BE i 22 o0 (AR ) e Bl G, 45 R an
I’Elsﬁ?mo

4\\



RUIRARE . BUHRSE R JA 103 X & ZE RE UL 55 PM, 5 Vi 2R PR35 0 1 4% 22 5 [l UE1 43 # 685

30

(@
25 +
— Observation

20 + — calculation

15

Visibility (km)

10

VIS(RH < 85%) = 41.03 —
7.55 In PM,4—0.35 T, + 0.50 T
R? = 0.89

VIS(RH > 85%) = 15.29 —
2.731n PM,~0.57 T, + 0.49 T
R?=0.86

30

H
o K
w T
~ K
o
o k
~
e}
©
=
o
-
[
=
)
=
w
=
N
=
o
=
o
-
~
=
3
=
©
N
o
N
[
N
N
N
W
N
=~
N
31
N
o
N
~
N
@
N
©
w
o
w
=
[
QD
=]

(b)

25
— Observation
20 + — calculation

15

Visibility (km)

10

5}

0

VIS(RH < 85%) = 35.13 —
6.17 In PM,5—0.41 T, +0.34 T
R?=0.93

VIS(RH > 85%) = 3.32 —

\| 0.01InPM,,—0.85T,+0.81T
\| R2=0.78

123456 7 8 91011121314151617 18192021 22232425262728293031 Jan

K5 20174F 1 (a) JEat-FKEH XS (b) T0E- LA DX AR XTI EE 85% Ay ARt o it il UL E #0055
(5] U1 245 SR 5 DX I~ 24 6 L LML /7 37
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Fig. 6 Time series of regional averages of observed visibility and simulated visibility in (a) Beijing-Tianjin

region and (b) Hebei-Shandong region
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Table 1  Average observed visibility, regression equations and R* with different types
of factors in Beijing-Tianjin region and Hebei-Shandong region

BeILE BaHT AT e

(km)
PM, sifk Ji VIS=50.1-8.7In PM, 5 0.77
RH<85% 15.7 TR VIS=-1.5-12T4+0.5T 0.65
N ] PM, ¥k BE+ IR VIS=41.0-7.6In PM, s—0.4T+0.5T 0.89
ALK PM, ¥k B VIS=20.9-3.5In PM, 5 0.67
RH=>85% 3.0 TR VIS=-0.2-0.9T4+0.7T 0.41
PM, sk BE+IRIR IR VIS=15.3-2.7In PM, s—0.6T;+0.5T 0.86
PM, sif Ji VIS=50.1-8.7In PM, 5 0.80
RH<85% 12.4 B VIS=-0.7-1.1T4+0.4T 0.76
PM, ¥k BE+ IR VIS=35.1-6.2PM, s—0.4T+0.3T 0.93

LI ARH X

PM, sifk Ji VIS=4.4-0.01PM, 5 0.06
RH=>85% 2.6 IR VIS=0.9-0.8T4+0.7T 0.58
PM, sV FE+ IR 2 VIS=3.3-0.01PM, s—0.97,+0.8T 0.78

5 12.4 km. [BEIESHT R, A6 -RE XI5 L-
LA DX I8 SR AR, BE D03 X5 Bl PML, 5 W B3 T v 22
X B AR, R 239 4 0.77. 0.80, WAL % JE PM,
W AT LA B b T - R A X 38 5 T - 1 AR X R DL
JEAZAHY 77% F1 80%; {75 JEFREE IR ] L) i B
- IR HE DX 9T b - 1 AR X R D B AR A 1Y 65%

F176%. PM, 5 ¥ JBE X M I A6 UL B8 %) o ik v T 3R 35
BT T e VRS N Ve /-3 s o | R S R
7RI, R 5 h 89% FI 93%, X & i A 14
R 0 RE DL BE DTAR AR L 558 ) S 3

AR 2 5 T 85% B, Jb it - K X 5 ) k-
AR M X B WL EE 2K F 5 km, F2{E 5350 3.0
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BTk AE b H - K XA b - 2R X A S
[F] o [BHE 54 o, PM, 5 W B2 5 PR B8 1 B AT LA 43
) BAL g R b BT - K HE b DX RE UL R AR K 1Y) 67%
41%, PM, s 15 G AT AR 2 At - K HEHL X 5 km DL g
ULEARE R E SR mixt Fidb- 1 R X, 25
B FE AT LA BRL A R R L B AR A Y 58%, PM, 5 Wk B
LR 6%, 1 IL [ LA UG R 78%. HiEiE
JE R AT - 1 2R b DX RE LR AR A 32 R, e
WM 58%—72%.

5 ZouhlHM A E IR

TR 4.2 15 T AR RE WL EE Y 20T (3R ) 2t TR
H7 R E A — TR ae 7, K S B A
H 7 #2038 T 2015, 2016, 2018, 2019 4F 1 A
) BE DL E, 5 S BRWLI FE AT T X e, S5 R 7
fizs. 2015, 2016, 2018, 2019 4= 1 H fig UL 2 WL
{8 $UA R B L UL {5 0L A (B A 56 R B R
PRz 2,

AL, WX 0 3 hoBE DL 4L A 15 00
EAR A IR — 3, AR, ME 7 B HE
W v T LI, PEIAFE T 2017 4F 1 A B9RE WL E LT
(8] U5 5 2 2 Wk Gl v A JH At 4F 03 8 U BE KO- . R WL
LI E 5 LA (B A OC R A A 8 0.91, T
0.01 7K G 1k ¢ K 50 . A8 DL E LN A 5 4005 1Y
BT iR 22 M 2.2—3.6 km., PM, K JE | IR &
SR 3 IR R AR Sz Iyt i B R ] 300 11X e W
ARk

AR L B T R X b -1 R b XRE I R
ARG T AL B - K X, o] AE 2 -1l AR b

X5 YL o =, I 5 km LA R AL A9 I YR £,
U5 T IR A B o 22, fdi 4532 4 DX A UL BE 7 [l I
TR A P WA T R AR AN [R]AF 0y 00 S5 RS
AT, WX 2015 5 2019 44804 &R F
2016 52018 4F, LIERAFSE (Liu Z D, et al, 2019)
£, 2015 520194 1 A Ema RAEH 5 2017 4
1A, DL m 3R R 3, 98 KRR b fa
FE, 1M 2016 A1 2018 4F 1 A 5t E 3 K JH i b X 1 2
THRA B S LR, XA RE T
2017 4F % 8% T 159 09 88 UL BE [ A J7 B X 2015 5
2019 4 BE WL BE 09 Al B8O B P T 2016 5 2018 4F
MR Z —

6 Wit ST

DL 2017 4F 1 J B9 RE ULBE . PM, ¢ ¥k B2 | i J3E AN
R TR R N IR B, B R T 2 RIS
I3 OTEE, LIAH XS 85% H1 95% M43 Fisk, WFSY
TN [EIAHRRBE T, s EE s K S 300 3 X PM, 5 MR BE
I8 W X6 R UL B AR A 1 A X Tk . AR GEHBIE L
GRS YRR B 0 25 55, W I X 80 43 b -
TR 1l DX 55 T b - 1 AR M DX, e A R R 85 % K AL
e, B SE T PM, s MR | PREEIE I X i UL
W) Z ot (AE) Ltk A 5 2 2015, 2016, 2018
52019 4R RR4E 1 58, e WL a3 S 5UfE . A1
KR W RR 2SI AR T g DL R 7
MR E 1. 250,

(D)HFHEEMKT 70% . PM, 5 WK T 75 pg/m’
B, db a0 - R e Hl X 5 ) b - 1 AR b X fE UL 2 K F
10 km, PM, 5 ¥ J& T} = J2& e Ao B D 38 T ol A1 1) 3
SR AR 70% T = 85% Fil PM, 5 e
M 75 pg/m?® FHE E 200 pg/m® ik [E/E N S8 T

F 2 Abat- K XS - 1 AR DCRE UL BE SR X (B $LA R0 LI {EL 5 4005 (A OC R AU R 7 iR 22

Table 2 Average observed visibility, average simulated visibility, correlation coefficients and Root Mean
Squared Errors of Beijing-Tianjin region and Hebei-Shandong region
X AEGy MDA (km) G (km) AR R E B2 (km)
2015 11.5 12.2 0.92 3.0
R 2016 13.3 143 0.93 3.0
JUEt- R HEH X
2018 16.4 17.6 0.93 2.9
2019 14.2 16.7 0.95 3.6
2015 10.5 10.5 0.91 2.2
. 2016 8.4 10.8 0.92 3.1
b1l R b X
2018 123 12.6 0.95 2.2
2019 10.6 12.5 0.96 2.6
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Fig. 7 Time series of regional averages of observed visibility and simulated visibility in January of 2015 (a), 2016 (b),

2018 (c) and 2019 (d) in Beijing-Tianjin region (a,—d;) and Hebei-Shandong region (a,—d,)
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