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Abstract  Atmospheric compound pollution events, primarily those involving PM2.5 and Oj, represent one of the
significant challenges faced by China in mitigating atmospheric environmental pollution. The accurate forecasting of
atmospheric composite pollutants is essential for implementing effective pollution control and prevention measures. There
is considerable uncertainty in forecasting compound pollutant concentrations. However, conventional observations are
insufficient to meet the demands for the accurate forecasting of these pollutants. Targeted observations focus on the
observational needs of forecasts and present a new strategy to enhance numerical forecasting skills. Currently, targeted
observations have been successfully applied to theoretical research and practical field trials for high-impact weather and

climate events, significantly improving forecasting skills. Compared to targeted observation research on high-impact
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weather and climate events, studies on targeted observations for air pollution events began relatively late, and this

approach has not yet been implemented in field experiments. The research progress regarding the use of targeted

observations for high-impact weather and climate event forecasts were reviewed, the application of targeted observation

strategies in studies of severe air pollution events were evaluated, and current challenges were discussed. Additionally, it

highlights key areas for future research and explores the critical role of targeted observations in improving the forecasting

accuracy of atmospheric composite pollutants, aiming at providing scientific support for the precise management of

atmospheric composite pollution.

Keywords Initial error, Target observation, Predictability, Air pollution
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K5 P ™ B e 5 A5 NI A A IR BRI AR 1)
ARG, 2021 FF 5 TAEHL AR (T
AR S FESRE) B, RS REEHATA
5 {7 10 I 1) e KR B By < —  (World Health
Organization, 2021). ZHFRIY) (PM2.5) Al K4
(0y) BWINAREEENRKITEY, EfETF
R W T 99 I A BRBE AR 4 450 5 N B3R
( Murray et al., 2020), i K B O; % &% 5 < 34
5 ZLUFJLEIET- A (Xueetal., 2023), 2013 4F
e, PERIRE (CRARTERPIATITR]D) (https://
www.gov.cn/zwgk/2013-09/12/content_2486773.
htm([2025-03-25]) F1 FT i 5 K fr BA% = FA7 3001
KUY (https://www.gov.cn/zhengce/content/2018-07/03/
content 5303158.htm[2025-03-251) S jiti, & [E K
IR RORR 2, (23S PM2.S WK AT BE
AR P AR AR A BN ZEE, Rl O3 WRFE
TR RE BT, FRIE R ATE YeFE IR DL — 5 Gy
) PM2.5 8% 05, [A] LA PM2.5 F1 O3 A E K £ Fhig
YW B A5 ek A5 (Zhao et al., 2018; 4 25 HU 45,
2020). B ) PM2.5 V5 YL B B — ) O, 75 4,
A EE PM2.5 1 Oy [F] B f77E B 2 G35 Je R0t A
PR R AR S PRI G F B 9P B, 2 H AT E K
ARG I B RPk i — (Xiao et al., 2022;
Zhu et al., 2022),

KAE AT W TR K R 15 B 5 1)
B — REFENZRAAN TR, E
W 28 55 77 VLT e AU S AU R PR AT 98, (EL I 7E
W& H (Chen Y R et al,, 2021; Zhao et al., 2021).
BB TRAT 2 H AR KT A X35
A1 R IR ATLHE A SR/ TR AN 72 M 1A 3K
B AT, AR AR B A AR R RGP
PIEAEAERLI#Z 0 T B (Wang et al., 2017; JH #ijf

%%, 2018; Baklanov and Zhang, 2020) . & &l %
TAERIES T, RS R I EUE R RE ) 2 B
SAEE, AHH FTE RN A AR RO R E RS A
I JEE B TUAR AT A7 AE B B Al 22 (Zhou et al., 2017;
Yang and Zhao, 2023) . Liu et al. (2023) Hf %%
B, R B ek i 2 522 Weather Research and
Forecasting (WRF) model coupled with Chemistry
(WRF-Chem) A Community Multiscale Air Quality
(CMAQ) X PM2.5 Fl Oy #< 5 1) Tl 1% 2 i ik
SR 20%,  E 75 GeA e R N 1 P4 i 22 L 2
LS AT 40%. Petersen et al. (2019) PF4f T H
E R b 7 AN e gt A B R A5 Rk R RS
ik &4, KIIZRG R EILEHIX O3 WK
72 h FiAR 1R 2 3200 40 pg/m’,  E 4 X PM2.5
W T FHRARZ % 60~80 pg/m’, X 5k 5 E R 1)
TR CRITE T R O3 1 PM2.5 FildR iR 22 3
REAZHILE 8 pg/m® LAY, BI53RS M O5 Rl PM2.5
FHAR AR 22 R 23 BIBR H1 42 30 pg/m’ A1 12 pg/m® LAA)
TPEIRKZERE . [RIE, R w5 PR AT el /N5 G
YR EZ R TR R %, R N RA BN e H
& PM2.5 1 O3 A ST R PR 2z, A
T RS RkE HERT 1 1R R B R 34

I8 BT AR BE TR OR ZE I RN, — 7T
Kl T AR B AR A AE R R 2, T
73— 773 TH ) 2 Y5 B A S A 4 2 A HE T ) A
WETE, QIAIEETS Gk FE AV R I (AN sE M DA
MK YD HB 2 A8k (NO . %
BT HLIRIE (VOCs) FITHLA TR fE e
ANHTENE o IR EEAH E M BT SR HE TR
FEAERCRMEFE 8 17 45 SR 1) o) 5 A 80 K R T
(Sillman et al., 1995), A 2 3 H0H EF JE 1
B 42 SREmE , T G2 2 AR SR AL HERA 1) TV S .
HAE TR A 5 2 i — L R A i 23 7 R WA
. BRI, BT HCERE NI HE TR B AN E PR T
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FAb, bR b KB TRV A AN E XS K
K5 ek FE TR 1R 52 (Pagowski et al., 2010;
Kumar et al., 2019; Zhang et al., 2023). Gilliam et al.
(2015) ARG A p sV & Tk R 4t
RIS R AN & PR T T BUX IR O3 IR FE )
PR R 235 50 pg/m’, 1M Beietal. (2017) [IHFFT
R, VIR R AN E M 3 B0 PM2.5 WKk E
W A1 TR 1% 22 AT 3% 190 pg/m®, W5 A5 GL4 1 Pl
AR I T G Ry IR FETARE CED O3 1Y
40 pg/m’, PM2.5 ] 100 pg/m’), AT ELHEE 20 T
TG QAE R IR HE LS R RS (20100 A1 Hou
etal. (2022) WIWFFLRH], HIGETS RV IR ZERE
FEUT G TR R 2 T S 30%.  HH LT A,
TRERWIEERIRZE, IRV R TR E,
Bt F8OG RA B BE TR B,
1 e RER SR RIS J IR LR B,
SRR PBEAR R TS Je ik B ) PR R 22

FORHRME A NI IR I AT E M, 2 BB T
ACHFIA BT B —. FriggRHAEL 2 55 E 1
ATE3e, KBS Y ET e AR 8] B3 R0
MBTRARS &, 8 PR R o B R
PE— N UERRIRIAG T, AT i TR KT 1) T
R W& (Talagrand, 1997; Bauer et al., 2015). N3K
R o BB E A, 7 U g B
SR, RSN, 3275 G W, 4
TR AN S BRI, AR S 7 — Se SG B X T Jg 5%
AR BINI, IR A B BB S, o
B e TR ] A 5T B A TR ROR B A T B —
(Mu, 2013; Mu etal., 2015), XA “HERM" Heng
A AR

“CHBRMLI A O A A B T S B U £
X, BIH PRI . H AR = 5 RS
AV s AT A 78 C IR Rk e, T LG 18 R
WS N BRAM I, #f SR HRE B35
i v te S M R AU S B AR /K SF - (Zhou et al.,
2013; Feng et al., 2017; Duan et al., 2018; Qin et al.,
2023). AT, AHECT R RSB 1 B AR il
WHIT, KT B bW 5t P sk . £ %0
ANZ RS G H AR A Fe b, 3w A R PR T
1o P AR BBURE IR SRR 7T H AR I 2 i oK R
PR KF AT REVEA (Liu C L et al,, 2021), %
SR 2 TR 22 K R MR LA 77 R R ) B AR )
UK X (Goris and Elbern, 2015), X e #FER &) T

BRIl R T SN R R S U1k ¥ o R Y D 8

2@ AR EREE o/ Sat S T -k A )
FUHERE, VRA H AW XT38 22 5 e H A Tk
ACPRIPER, W8 AT SIA ST H A AT T I
I P9 2 BBk Al S R R AT REIE 7E 0 2 A

2 BRUMEEESZIHRXSSIES
¥ A Y b A

CHARREI T o7 v 5 R F A TR T U
S WE (Snyder, 1996; Mu et al., 2015; Duan et al.,
2023). FriE HERRLI, RO ARy 18R R I Z
CRAERF 2 1) FATFr RE R XK (BRAEXD AN
TRk AR, ZEAE HARIS 2 1) Ct9<<t;) XTEIIE
DX I TR S MR R ) X33 (UK BEAT A4 MR W
W, X EFANIIE S R RGeS, WOEUE
AR B HSIOIRAS WA, T R PR 2
b 2 1 56 AIE X AR K F - (Snyder, 1996; 212,
2013).

b, EBUER AT R, AR5
FATHE AR B — DX P 57 52 IR T A3
B — REIX SR SRS (Riehl et al., 1956),
B2 B 3G ORI i A B E R i WA . 20 tEAD
90 FFEARHI,  H ARV LS E R, BBk
WEEZ AR 1A AR e 5 X 3 (R H
PR BUR XD 1B 135050, W T Tk R 220t
ANTFIAL B A B R 22 SRR 1 RN SR AR RS [X )
PEBE UM T7 2 (adjoint sensitivity, Bergot, 1999)
F#FFmE /7% (Singular Vectors, SVs, Palmer et al.,
1998) AR HE TG AR, I8 PPl st — Hbr
W77 28 S5 IR X 3N TRR R 2277 Z2 /N R L
R BURKIX S G R /R 280772 (Ensemble
Transform Kalman Filter, ETKF, Bishop et al., 2001)
o XA CEENS I A SR L, T

R RS B AR S i, AR
HZUE 2003 F 55+ DU o ERAE T 9T 10 521
4 3RO I Z e i 5T A AT SR M 3 1 &) (The
Observing system Research and Predictability Experi-
ment, THORPEX, 2005~2014 %), iZit & FEHE
FETIAROS LI B 75 3K 5 B R IR B T 4 BR Y A
1~ 14 d [ = 572 0 R SR 9 E#i £ . THORPEX
TR AR = U S B2 H AR LI (] 1; World
Meteorological Organization, 2011), T #f & H #5 M
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DB X H) J5 5 R T SVs M ETKF 5. £E
THORPEX tHXIMHEZN T, H R 4h37 156 1F 4
BRYGCH A I, andE N X 5 3h 7 &0 R X
1~3 d [% /K i ) AMMA A0 i &I C African
Monsoon Multidisciplinary Analysis, Faccani et al.,
2009, V5 EFIEE E STt 1 EE X 24~36 h BEK Tk
#] E-TReC Mill11%l] (European THORPEX Regional
Campaign, Wulfmeyer et al., 2011) LR #f st ih [X I
Ja 1 1~2 d BRHBARE PR i H AR LI &) (Trvine
etal,2011) 4. XM IR S5 RYEZY, H
P UL e 88 A7 R0 v B R TRk 2K F (Chou et
al., 2011; Bielli et al., 2012),

PE G B AR 7 A AR e P e, H
FEIE 10 FHAG T R ZF . Muetal. (2009) 2
TR AT B R AR G R () SR A AR LM B A
& 771% (CNOP; Mu et al.,, 2003), CNOP 8% T
W45 T B R SR, BAE TR ZIRe % 5 80K
KPR Z B — K iH 1R ZE (Mu et al., 2003; Duan

(a)
46°N — )
A
/’ .
44°N —
42°N =
40°N — .
o
BN |
) e
:. .
3N -
34°N —p—=— T T T

110°E 112°E 114°E 116°E 118°E

and Mu, 2009), CHMHTEX. B, PURR.
WP R . ENSO ANENE PEE N 7 (IOD) 4
T B T RSB A I H AR LB 5T, R T
CNOP R 7l I BUK X B L 4t SVs 25 2 1 77 15 110
PRURX /e EE A, HARZBURX N A H
B WL I RE A% BE K5 M i s TRk 575 (Qin et al.,
2013; Feng et al., 2017; Chen G et al., 2021; Jiang et
al., 2022; Hou et al., 2023) . i H H 2020 4 i,
CNOP 7% 3R BRI H T 6 Ak i) H
PRALI ARG, X HR i B SN TR AR AR 4 T
F o1 B % Bl (Feng et al., 2022; Chan et al.,
2023; Qin et al., 2023). FHl{EfSF —fEH 2, LE
RIS H RBWIRE FTE 0 & X AR (2022)
PP, EOOTRE T “th——R7 AR
(Chan et al., 2023), P 315 [ S 00 25 ) 38 it
TR IS A3k 28 v [ M Bk AR G e T p o 1Mk 5%
B, BT & AR =2 58 0547 )5 b4 1) 5
AT, NESAERASH &G XEETAERME 7

(b)
46°N |
44°N — '
L ] L]
° /
. g ) &\ ’
42°N — B ¢ °
. - 7
. .
° o
40°N - . . j
L
Z,
38°N — ‘/\
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| I I | |
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B1 o (@) dbpi—RE—dh U, gy RILFDHIX 481 MRS (b) MRALJE K 288 /NG 574 24 A i T ik p 2 [ 43
A, AR RBUS R BERGE A K 67 ASHUT G 2 (ZLEE D X S R TR SC B AR A 28 /MM it CIE B IR 2[RI X &
U I O B A R AT 32 it . RO RD PR HAD B R OO RD B, BAERRIEXVEE (BI5RTE#3E

XD, ZERHE Yangetal. (2023).

Fig. 1 Distributions of (a) 481 national ground meteorological stations within and around the Beijing—Tianjin—Hebei region (red lines). (b) 288 cost-

effective stations’ network, including the 67 essential stations for accumulation forecasts (red dots), 28 essential stations for dissipation forecasts (blue

dots), and 32 essential stations for both the accumulation and dissipation forecasts (black dots). The additional scattered stations are marked as grey

dots and black rectangle represents the verification area (i.e. Beijing—Tianjin—Hebei region). The figure is from Yang et al. (2023).
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BHAREE (Chan et al., 2023),

HARII 22 O E G X SR K
TR L5 TF-Be, A R & & MR T
KEFEHRER (Wuetal, 2000, [, HirMN
I 5 1% B 82 T v 8 e S S A ) N A A
(Duan et al., 2023) . Kramer and Dijkstra (2013)
T [FAC 5 iR e T RERS s R B1-Nifio— g /5 ¥
3 (ENSO) HAff “HIMIRFER" §2m 1056
FILE WM AIALE , T Duan et al. (2018) FIf H
PRI AR, S CNOP J5 ik 5T T RE8 4 2R
i1 EI-Nifio F4 2 FF 1 Tl /K 1) d5etfe B Am W8 DR
Hls s BPRERVER 10D [ Fiidlk, Muetal. (2017)
WK CNOP 532185 1 10D Tl (1) H A W8 il
JRIX, JRUESE T 78 BURKIX A 3G oL il s % A 2k 4
75 10D KR AE 7T [ 78 W, Feng etal. (2017) 1. %
BMEAS R, LiuKetal. (2021) Ff CNOP
JiEE T BRI EURX, FFT 2019 FF15 5
MR T B N B G H AR AR i
BSF 7 7E CNOP H A5 W il B0s X py 8 vl , g
WA AU g EL S M TR B TS . WL, B
BRI AE AR A5 B FATE 70 COA o R, LA
=P U SRR, AR T T s R AN,
15 S 1 TR K

3 BHUNERESTEXSEGTERG
R H

BEE B AR TE RS AR 7T R S R,
X — TPV 5 N KRS Gtk s, 2 H RS
T R EM Bl . Khattatov et al. (1999) K —4
MBI SR, ANAEWI IR 25 tH 9 FraFl
I EE, RO e TIOMIBE )5 4 d 19 Fhaa ik
FE, MITHER 7RSS G a0 i i s,
RATE e T (1) H AR WL B 78 B9 08 1 30 SR Al
b6 & b5 — A G B A RS e [Ffb R K
Daescu and Carmichael (2003) B {R7E K75 Gt
FEH R K HBRW, IR EE TS IV (Gery
etal., 1989) 4N A A BERURNE TV,
E A TR AT 03 i AR PR R (R S N % A%

P BE BB DT VA @ T H bRk (BN T
RiRZE) AN THILRIENIBE L, SREAVIMEIS)
AR AT s TR 25 R, FF AN RE SR AT T Pl 45 2R
BB RIEI S . TR R 22 260 R R 1 Al

$ET, SVs RefgARTRA PRI H] X 7] A i KA Bh g K
(77 0], R LA P S if e e B 1) P 6 TR &5 SR A e K
SO ) — KA P BN . RYE SVs WA BIFE AR
(R BEEAFE 53 YRR K4, —
FEORE BLAT R IR MR 0 3 AR B s Ao A Dy AU AR
SCBURYIRY TR A R IR I 0 30 1 2 18] X AR
NEUEX . Liao et al. (2006) T =4k X 51k
AL B (Sulfur Transport Eulerian Model, STEM,
Carmichael et al., 2003) M HAERER S, 15 T SVs
S (G54, IR0 e 1A [E] () B R . AR
Yy MRACKIREIAL E L A i 3 P AT R 22 Va2
e FEXT SVs SR HIFEIE, RN 4E H T SVs 7%k
FERST5 G B AR IR AR Pt Hh i) 25 2 8 AT 5
Goris and Elbern (2013) FJH SVs 7732350 1%t
R 8 X3 O M S S BEFH I R (Peroxide Acetyl
Nitrate, PAND 3 J& T5U4R i) H A5 W0 I U5 G0 4
Fhi; BHJS, Gorisand Elbern (2015) FiJ [ (5 5
AN St R EAL 4B X (EURopean Air
pollution and Dispersion—Inverse Model, EURAD-IM,
Elbern et al., 2007), i€ J 4 & XI5 — 153
(O3) IRFEFHR 1) H A5 WL SRS G (UK
PR KA 05+ NO. NO,. HCHO F1 CO) 4 fl
HCHO U X 48k, I i B0 w40 36 0k 1 1 %6 2
H ERBURX IS RYIAIGRIKEE, Befs SN ot
S TS Gk BE B TR Ko 48T H AR SR 7
F v RS G TR A T R A, Liu C L et
al. (2021) FIFHIRZ R LML AN 7R A T
JE X3 PM2.5 ¥R B T (1075 G40 H AR LI AU X
IFPABUR X v EE i, M 7 — AR A AR =
PM2.5 K E TR AT HOT5 G I R, D9 Aty e
VIR St 1 BRI A o

ERRATG G H AR T TR E TR T
e HER R B0 T RIT, A AL — it
PSR 28 R B eI 7%, W€ 1 BT B — K
TG Gk TR R R X ISR U . Sk b
& 15 G a0 s Geilk B T B S 2
Gb, SRR AR RBLRFRAEIR KARRE B
ZRRRFAWRN, TR 575 G 7] 58
MR R, ERMNRIRA R TR IRZER SR
EWTS IR TR 2 (Gilliam et al., 2015; ¥
{0 445, 2021; Weng et al., 2022) . BEARFALA R
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Dl 75 32 EECLUGR AR R S GON B bR s, A
T FT R A5 DU AN fE 5 R JEE 3 R 55T Tt i A U
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KA g i K F I FF A B (Carmichael et al.,
2008; Vautard et al., 2012; Ryan, 2016) . T £E 3k,
b5 SR TR AT R AR B AR AW e &
LI CLAE B R R TR A B 2 0 M N e MR
REGETTMRE T EEZKIEH (Han et al., 2023;
Liu C P et al.,, 2025). H48 T2 B A 55V [
UL RS HEREERS, HEAMARERY, BT
AN AR 22 AR LE, [RAL FA I HA— 8
REfo AR SR A3 B 47 (Liu and Rabier, 2002; Li et
al., 2010; Janji¢ et al., 2018; Zhang et al., 2019) .
I, RIAEAE LI A R I O T, B30 T R0t 25
2 RGN S [F) Ak R e X 3k R RN, A e o AROWL i
AR ZEFEM, (TR IR R KR L 42 &

EEXT SR O A B AR L IR 25 115 B4 il
R I FE SR, Mee Kim et al. (2013) fE{REIVS
PUWIEH ERMEO T, SERAETIRERE
2R M T AR SVs T v A Sl i 1) R AR ER(E TR =X
WRF, 517 &0t wh B X 70 4 F 4 kB
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L8 H] SV FE: AU 1 55 5 5 1 42 v = R
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ML A 75 71 (Duan et al., 2023). X 4F%%E (2018)
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G BB B, BURIX F AT E N
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— AN O g TSR P A R R % B KR R R e
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Jaby T 12650 Gl X))l e B8R A o e TR S 5 4
1 60% (& 2). Yang and Duan (2025) %]
CNOP J7y 50 T 5t S X 70 2 B A ik ) B
PR BURIX, 5 SVs Jiik 4 Bttt 73 .
SERRE, SR PP 5 1k R R BB X 7 2 W] 4y AT
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MtiE, nTLLEH, RAEZRIEE RS Qe ik 4t
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A H N R A EE TR (1) H b 40375056
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Fig. 2 Overview of the progress and prospects of target observation in atmospheric environmental research.
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