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and EARS reanalysis meteorological fields. Spatially, the O3 concentration across China remained high in the summer of
2022, with strong positive anomalies over northern China in June and southern China in July—August. For long-term
trends, the O3 concentration in the North China Plain (NCP) in June 2022 was the second highest in June since 2015,
resulting in 21 regionally averaged ozone exceedance days. In July—August 2022, O3 concentrations were the highest for
these months since 2015 in the Yangtze River Delta (YRD) and Sichuan Basin (SCB). In terms of ozone precursor
changes relative to 2019-2021, there was only a slight change in satellite-derived NO;, columns in 2022, while the
enhancement in satellite-derived HCHO over southern China was consistent with temperature changes. This suggests that
the record-breaking summertime extreme heat of 2022 is the dominant driver of O3 enhancement. Specifically, the spatial
correlation coefficients between the O3 and temperature anomalies in 2022 were 0.71, 0.64, and 0.49 for June, July, and
August, respectively; additionally, O3 sensitivity to temperature was relatively high in major clusters. Under the control of
the subtropical high, the enhanced O3 concentration exhibits a strong spatiotemporal consistency with stagnant weather
conditions characterized by high temperature and low humidity. In particularly, the Os3—temperature relationship in 2022
was quite different from that of previous years, while the strong positive correlation observed for Os;—temperature was
suppressed when reaching a high-temperature threshold in 2019-2021. This positive correlation persisted even at
extremely higher temperatures in 2022 in the NCP and YRD. This study highlights the important role of extreme high-

temperature events on O3 pollution, which poses a pressing challenge for the synergistic control of complex air pollution

Vol. 49

issues in China.
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Fig. 1 (a—c) Monthly mean MDAS8 O3 (daily maximum ozone concentration of 8-h moving average, units: ppb, 1 ppb=1079) and (d—f) the number of

exceedance days (units: d) for ozone concentration in each month over China in summer 2022.
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values 0f 2015-2021 over China in summer 2022.
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Table1 The mean exceedance days for ozone concentration averaged the four large urban agglomeration area in China in

summer during 2015-2022

O il br K Hu/d

H X A 20154 20164 20174 20184 20194 20204 20214 20224F
bR 6H 8.4 10.8 19.2 22.9 24.4 18.9 17.8 21.2
7H 6.2 5.3 9.5 9.2 18.4 11.9 7.8 9.1
8H 3.5 22 7.0 9.2 53 6.6 9.2 46
K= 61 4.0 4.1 72 10.2 11.7 47 9.8 9.9
7H 4.5 6.7 8.6 4.0 8.1 3.6 35 8.8
8H 7.1 6.2 44 4.0 52 48 6.2 10.8
Bk = 61 0.0 0.7 0.3 3.1 1.3 0.0 22 0.0
7H 12 2.7 2.0 12 1.3 1.3 3.1 4.4
8H 2.9 5.0 2.1 2.8 3.6 3.8 0.9 2.1
V91| 7 b 6H 0.9 2.6 1.1 2.9 43 4.4 3.6 32
7H 5.0 1.6 6.1 1.6 1.4 1.6 3.4 10.9
8H 1.3 2.9 2.1 3.9 6.8 3.1 4.4 6.7

X 5 it 3% X (Lu et al., 2019; Kang et al., 2021;
Wang et al., 2021), £ VOC # X, 4 NO, F/iK
PRk e E vOC HE ETHif &4 S8 03 BTk 1M
EPEX, it NO, HFMFFKIL 2 VOC FEs %
K, RAEHMS TR, B, NRBULJLE Os ik
V) NO, HEISUI AR A, FRATTAE F 1 58 1 o 20 7 26
TROPOMI 2 Jx 8 1) X it |2 NO ¥ B 503 o
F 2T 2019~2022 4F O3 WRERFE = =K
T B 2T 45 NO, HEIR E 8 HE, B4R 5T NO,
HERAE b2 75 X 2022 4 O3 WA R FEM .

MEERKE, BT 2020 £ K Ed s (Li
etal., 2021) 52U 53 NO, ALK A B 5 PR A% A,
2019~2022 4 H# [a] NO, # ¥k B % A ] & 4 fk
(£ 2. HARKYL, 7ENCPHLIX, 2022 4£H ZF
S35 NO, A B AH B 2021 4EF1 2019 4E 43 51 R B&
T 0.02%X10" molec em > (1 molec cm *=1.66X10"°
mol m ) 1 0.16X10" molec cm 2, 5 b A #E it
2019 FH E=IMEM 5%. £ YRD HilX, 2022 4:4H
%F 2019 4F_EFFT 0.04X 10" molec em™ (1%), #H
XF 2021 4E/NE R % T 0.24X 10" molec cm > (6% )
7E SCB Hi[X, NO, #:#k fE 2 I FE L.
R, Tt/ NCP. YRD Hh[X NO, FE ¥ B I m& 4%
NBFIE A SCB HLIX NO, #EWEERY b7, BPfdEI
B O3 ZE BT VOC #i] X B I X, AH XS /N 1)
NO, HER AL TCIEMRRE 2022 4E O3 W 1 KR 5
VARCE

Kl 4 45 H T 2019~2022 45 2= HCHO HiRfE

F2 2019~2022 £EZ TROPOMI T E Wil £t F JF
(NCP )i =f ( YRD ). @)l ( SCB) FHHIXRE
NO, HiRE

Table2 The NO; column concentration in the troposphere
obtained from the TROPOMI satellite averaged over the
NCP (North China Plain), YRD (Yangtze River Delta), and
SCB (Sichuan Basin) regions in summer during 2019-2022

SR ENO VR /10" molec cm 2

Hb X 20194F 20204F 20214E 20224F
TR 3.75 3.33 3.61 3.59
K=4# 3.88 3.62 4.16 3.92
V)1 2.50 2.39 2.87 3.08

117484k, HCHO /&= Z ) VOC Afbr=Y), Rei(a
P W VOC HE A2k . 7E 6 Afy, HEdbhX
HCHO W B 28R BRI, 2022 4F HCHO #E
WEEAE /N80 =4, [k VOC HEBUR L TE I
Bl 6 At RA s TE. 16 7~8 Ay, 2022 4F
(1) HCHO A3 3 FE 78 DU 1| 72 b AN = £ Hb [X 3502 300
JUAE B il 35 20X 10" molec em 2, 3X T-iZ%Hh
DU 20 F) S48 7 0 T A — B0 . NIRRT E SR
U5 VOC HEJBGE 2% HCHO #EIR B A B 5Tk, 1M
H BRI VOC HEBUZ 5 B 55 PR35 R 3= 52 1 BH I8
HE HAAYE VOC HE EZE R ER X, HEk
SREE R E R T AL X (Ma et al,, 2022). RIS
CH 2022 4F 7~8 I FE R B R A R
2022 4 PU 1| AN = H X HCHO A3 R 1 7
W R SR S VI O, R B A
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B3 2015~2022 4F 5 Z= 3 8 PO K38 117 8 X 35k °F 35 1) MDAS O3 (PRAZ: ppb) HIHMEET AT 5. (a) HJLFJE (34°~41°N, 113°~
119°E); (b) K =41 (30°~33°N, 119°~122°E); (¢) BR= (21.5°~24°N, 112°~115.5°E); (d) VUl ZH (28.5°~31.5°N, 103.5°~

107°ED.

Fig. 3 Time series of monthly mean MDAS Oj; (units: ppb) averaged in the four large urban agglomeration area in summer during 2015-2022:
(a) North China Plain (NCP; 34°-41°N, 113°-119°E); (b) Yangtze River Delta (YRD; 30°-33°N, 119°-122°E); (c) Pearl River Delta (PRD; 21.5°-
24°N, 112°-115.5°E); (d) Sichuan Basin (SCB; 28.5°-31.5°N, 103.5°-107°E).

VU Z A = A X e g . DRIk, DY )1 23
K = M HLIX J AR5 VOC HERT 5 Al REXT O3 ¥
JE 5 H BT EE TR .
33 2022 FEFfummimst O3 iI5FRIF

Bk T NCNHEBU RE A A, O V5 Y I AE FR AR 1k
AIRRIR KA E 2 R &R A2 (Li etal., 20200,
FEMSBERZ2FHEEEZF O 5 1IN E,
TR b2 0 S S SRS B T . IR L KRR
i XSS R4 (Fuetal, 2019). M4
ERBEERE, 18 2022 45 2= H IR o i 10 75 5%
N, Oz V5 R TEi AT BEFFFEEIS |] . 58 |
HSOA RN . il 2d-f Frow, ARAEFE R DO ZE
AN = A & F IR E 5 A Os 7 o0 A — 2
4[H 6. 7. 8 H MDAS8 O; = #H 5 H H& =<5+

iR 2 AR OC &R 43 i I8 071, 0.64. 0.49
(BREEAKTFKRT 95%). 4, 8 A4 -
LV S5 S B 2 AR = 1 X 300) BT MDAS O3 A4S
i, 3X AT 8 A L X3 R N A HE TSR ) 3k T 7
XHAE, O3 N ilih B I BBUBEAE XL /NA 2% (Steiner
et al., 2006; Bloomer et al., 2009) . _I=i& 43 #1 % B
2022 FH F % H 1Mk iR A Oy 5% 76 28 8] A7
TEAR BRI — 80P, JUHRE AU R . A,
RHE—BRIT 2022 4 O 15 Y™ 5 A T BEHLIX 1)
G, FAVEX 6 AREILHX . 7~8 A1)
K= MY AT T T

BOHWE e 4 . 2022 4E 6 A 3. E AL W o i
TR B B P S H HoE F
PR EAS B 2 BiimaE (FMESE, 2023). WK Sa
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Fig.4 The HCHO column concentration (units: 10" molec cmfz) in the troposphere obtained from the TROPOMI satellite averaged in June (top),

July—August (bottom) over eastern China during 2019-2022.
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JE (Hita). 850 hPa A% (i, B ms), (o) MMEME (B, #fi: mm). 500 hPa Aty (K, $fi: ms) WRHE. 7
A 2022 4 6 JIAIN T 2015~2021 4 6 JIFI(H. LOTTHERREILTF .

Fig. 5 Anomalous values over the northern China in June 2022 for (a) MDAS O3 (circles, values on the top of the color bar, units: ppb) and daily
maximum air temperature (shadings, the values at the bottom of the color bar, units: °C), (b) relative humidity (shadings) and 850-hPa wind (vectors,
units: m sfl), (c) total precipitation (shadings, units: mm) and 500-hPa wind (vectors, units: m sﬁl). The anomalous value is the average of June 2022

relative to the average of June during 2015-2021. The green rectangle represents NCP.

Fi7R, NCP Hi[X MDAS O; fil Hix s Sl i (Ml NCP KI5, 373 &5 1 H % MDAS 03 #idt
XFF 2015~2021 FIFED MR AfEER S £ 74EBME R T 8.1 ppb, 1A 5 H B
— 2, M A H RIS R T ARE RERFY EF T 1.7°C, XA AMDAS Oy/AT A
1% 4.4°C, MDAS O; fx K 5 ¥ {H 1% 20.4 ppb. it 4.7 ppb/°C (AMDAR O3 37~ MDAS Os [ b &,
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AT Fon Him R TN E), Bl 03 AF
v AR B OB . W 5b TR, £E MDAS Os
FHE B X 45, 850 hPa X R7 H B 1 B 5 1) i i XL S
W, ARG g B (R R i R B A AR Bl X
YRR B, SR EARr 05 V5,
X — ML 5 Z BT B FE & —FH (Gong et al.,
20200, HAEZEMZ, 20224 6 AEIL AL
HHILT Oy MR EmIK, X5ERERTRREK
Wz HxK (K 5c).

2022 4= 7~8 F M7 FEHh X B EA KT IR IRAE
S R G s CRRTRREI D T, B
T3S 5 W A = A . il 6 iR, SCB
Hb DX H I T b NCP B A R 20 ) e il 5, XA
TRFEAN O3 ¥R S 38 23 H 7 v R P 2 1) 43 A
7E SCB i [X, 7~8 H If1 H ¥ FE kb 2015~2021
SR 4.2°C, AN MDAS O3 L7+ 1 15.2 ppb,
[X 4 4 AMDAS O3/AT N 3.6 ppb/°C, i8] SCB Ht
[X MDAS O3 5% T~ 1 FE [ BB A v, (HBS k]S
T NCP #i[X . 7F YRD #i[X, T EE &R
S, XN 7T~8 AP H sl &5
H2.8°C, X3 PN 3R T vk 25 MDAS O3 LJF T 12.1
ppb, AMDAS O3/AT 4 4.26 ppb/°C. ME =K E,
] 6c HE 500 hPa H IR 5 [E /e 7 19 IR CSONE 5+
#, SCB Al YRD X &b T-El Sz fl e il , &
WK T (K eb). A (B 6c), WAF
T O3 BIAERG F 0 _EE] s 3 ) X B AT T U

WERT O Mit— b BF . EEERNE, HE
TR 7 R o DX, )1 73 S e e A it i
RIEMI S . FRE T ERIEHE MR mih T,
T RO, 4 SCB #i[X 500 hPa T B
BB ER R (+0.05Pas ), FNFERESE N
137 mm (& 6¢), ERARERFHEL NEE
FE 7 IX B K, RIS ZEHB AR R &0 T %2
B XUIBR T R A<, Xt A] g 2 i il SCB Hi[X
O3 FHE A EE YRD b [X 58 9 B B A J5LAL

HEET L, 2022 3% [E MDAS O5 Hi 3L &7t
IR S 2022 48] 5 1S N TR K
MBS RHE I ER AR R SR BRI 2 — 8tk . Rl 2
B S Mk AR B AR RO N 5 R (Wang
etal., 2019), XFT K O3 V5 Yedz il 2 H KK
Pediko BRIk, TRk — 28 o A 2022 AR S
BN 5 IEEEM (2019~2021) F O—iRfE2
G R, RN BRI S T O3 V5 Je
DR B L) S il «
34 tHimsiEA Oy —RENZITX R

AR E SIS, Os MR FEREE A
IRIFRIEAR I & (Vukovich and Sherwell, 2003),
X FEEE TR =T DR S O AR I 3
N 0 O BRI R H AR IS HEGR E S, =
FeLEAR I F R S OU R, O 5 FE M AH S& 14 vT g
SRR, B Oy 4 A2 B4 (Steiner et al.,
2010). Ningetal. (2022) HIGiHHTEH, 2015~

(a) MDA8 O3 —T
40°N 3 max
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(b) HURERE (Hifa). 850 hPa W37 (K&, #Bfi: ms™, (o) MBFEWE (BT, B mm). 500 hPa NI (K&, #i: ms
WIS . SRR 2022 4 7~8 AHIEF 2015~2021 4F 7~8 H B, /. HEEITHEDRIZR DN R = f X
Fig. 6 Anomalous values over the southern China in July—August 2022 for (a) MDAS8 Oj (circles, values on the top of the color bar, units: ppb) and
daily maximum air temperature (shadings, the values at the bottom of the color bar, units: °C), (b) relative humidity (shadings) and 850-hPa wind
(vectors, units: m sfl), (c) total precipitation (shadings, units: mm) and 500-hPa wind (vectors, units: m sfl). The anomalous value is the average of

July—August 2022 relative to the average of July—August during 2015-2021. The left and right green rectangles represent SCB and YRD, respectively.
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2019 4, FREZ) 19% B3 H I T X P PR FiRET T FRERILR . (H2, 78 2022 54
B, o 80% I T 1 % AR I R B > 34°C. 1E I 7~8 F, X O < FE I A I R B 2 B0
2022 F A ER A IEGL T . O SR RIA R A H—EMTHE (37°C A7) (- 7e).
284k, X F b R R A ER ARG . WS <R A KT E MDAS O3 Fl H i iy S ¥ IEAH 9% 9%
RITEST 05 AR LA T —AMRIF ML RAEIE B — 58 I8 B BAE J5 7% 31 BB 5 A0 X i 2D
Bl 7 25 H T 2022 4F flui Sl R i = AR (Ning et al., 2022), X —H R MBI ATEES O;
(2019~2021 ) O3 WS B A . 45 ERAHE R R SRl . R
7 MDAS8 05 5 H & i SR R/ B, 3R B A EhE SR T E AR AL EY (BVOO)
FIT A il s I ) S iR BE B 0.5°C S — AT P33 (HEBCE S o380, (EURTE M sl AR B <Lk
s 2019~2021 WM, 75 NCP HiIX 6 H i1, BVOC HEB R ARIR A vl e s 3R O W
1 O3 5 HE SRR ARKRINHE R IEMAHRKKR, (Steiner et al., 2010); 853 Fg /5 Hb X e i A8 4 £
B O3 ¥k B Bt i P v i S BT H e SURIA 6 3 5 3 0 T 22 2R O Db % OB o K B 8 S
35.5°C RMEZ JGIXFIIEAC K R R, BEEHERm  MENRW Oy A RMAZ O E, ARG T ki
TR BT O3 IREEATIA BB M B, 2R, KPAFEF SR E IR R RO H &SR3 —
£ 2022 ARG SRS 5T, XM O SZHHIIL 8 BUE G R R BRAR S I B AR L%, XA T RE
FHEA . WE 7a LB AR, EHRE F& 3 BUR R T SR R S D A A ) R R 2 —,
AR IS 35.5°C EANNBIMEZ JG, Os R4k Sl i AT 2022 A A I el A A T ORBRAR S 5 R B o8
B BT, EARERRRZ, W NCPHIX TS, 2019 ZAAEL 2019~2021 EARALEL/N

6 ARHYH R ERIRS 2022 FEEMEALL, HD Bt B iR 7 % BVOC A5 B 5o, X+ 45
{EAEGL i I A GLHE 2019 SRR BE, X Rk 4 NO, HEA e 1R B &8, B %5 15 % T & - 3 NO,
WHEAREA L. £ SCBH#X, LibgidE= HEBORIE N (Lu et al., 2021) . 7E 2022 4F H I

FEIETE 2022 Hedm i SR, XU MDA8 O3 i T, HRAEHLIX O5 5 R AR AR DR KR IEAH
AH fe i URAE 39°C BUEZ AT IEM R, MfEZ KK F. EFILHIX, HIRIE BVOC HEBUH R i
Ja RA K. £ YRD #IX, 355°C RIMEZ AT Os M0 4= 4% NOL HE B, A i £ A% 3 vy i F
WRFEANH S Gl R R IOV IEA R, fEH & BVOC fE IS O3 S2maA BR . 2022 R4 = i
rURIE R 35.5°C i 2 Ja O3 IRFEFIRE S ILEE DX IEAH SR A AR e AR IR FE BB T v, 7R

(a) NCP MDA8 O3 — Tmax (b) SCB MDA8 O3 = Trax (c) YRD MDA8 O3 = T max
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Fig. 7 Scatter plots of daily MDAS8 O3 and daily maximum temperature observed in 2022 (red triangle) and during 2019-2021 (blue triangle): (a)
Daily maximum temperature and MDAS O3 in June in NCP; (b) daily maximum temperature and MDA8 Oj in July—August in SCB; (c) daily
maximum temperature and MDA8 O; in July—August in YRD. The horizontal black line represents 75 ppb (national ozone air quality standard of

China), and blue dashed line represents the daily maximum temperature threshold for a shift in correlation during 2019-2021.
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(1) BVOC HEBORT 158 NO, HFACT,  # i = dim 7] A
JEE 3N 13 NO, HEBEE 3% O3 A2 k.

FRIR T o U T R iR B S R, O
(AR AT R R AR 5 AR (L, H 200 B IR X 35
BEAE, X AT BE-S AT AR M X S R AR HE O R
W A Do ANad B IR HEN 75 B AE S ST T s
KA A s =R B 0 4 1T 14 137 8 I3 6 g —
W BT ESERRENE ST, RS iR
UK 2 BB A, MDAS Os Fli A S MR A5 1
1] {1 I B s e e P 4 482 o 00 7 T v B AT RE o
Os V5 Lt BT R 22 R A A

&b, Schnell and Prather (2017) fE3EE R
(B 5E 2 B, A B A e R FE 1 O5 75 G A
PMy s 15 QB B m LML R, 5 i — Ml 1 F
PAE IR L, AR S 1 4 A 2 77 AR TR A5 T B
UKo R, FE PMas M1 O3 B & 75 S K
[ 428 i) A 2 24 /70 98 OCVE B AL (Dai et al.,
2023). [k, AIGE 7 IRE 2022 42 F H I
AR iy ey i ) L A3 T B ML IX ) H 3% PM, s 5 MIDAS
O3 MIAH KM, FHAHIG RETE 0.53~0.69 2 [A], Ut
AHTE AR I il S B R R T %0, TEAR SRR i
EREINEEE T, RERSE A ETRER—D
(KA S 55

4 Zig

AL EELE R

(1) 2022 FH ZF4E O3 I 2 H B KR
B, TRV R TR, X 6 AP O WkFE
2015 LR | (fLRT 2019 4E); K =#
P 1 254 2022 45 7 F1 8 H 1) O3 W JE /2 2015
A DASK [F) 1 e e 1

(2) SRR T2 IS s N AR AR
TRARMERRRE 2022 4F SLEAKR B R s W R
GikE, HAHX O3 KR F IS SRS RS
[l ARV E R R SR BRI = — 8, A
I 2022 4 v e i S 33 O3 WREE B 3R 2
KB

(3) 2022 FE M B iR F AT O3 IRE 5l
FE 5 2B EAA R B RRF . EHIFH 03 K
JE IR B IEAR DR OR RIEB BIEA B G 2T k.
SRTMT 2022 4 6 A, TERILSRIIA R E 35.5°C 2
Ja O3 WA BEIREH & A K= AMHhX 2022
5 7~8 HI1 O3 W S5 FE ¢ Rt 2 I H AL

FHIE

AT TR A FE 48 7 1 AR o v T R X O
SR EEER, Rl &R 1 2022 4 P SR i
el ST O3 75 BL Bl IR B AR B SR PE R,
B IRAN R E KR 03-PMys B &5 Jeie fit
TR J5 SR AT AR FE 45 S A AR S Ak
AR VU JUE O—IRE R R ES
BRI, Aol AR AN B SRUEH AR R IR REILE .
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