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Impacts of Climate Change and Urbanization on Compound Heat-Ozone Events in Beijing, China
YE Jin-qiu, CHEN Lei*, ZHU Jia, LONG Zi-yu
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Abstract: Global warming and rapid urbanization have led to frequent summer compound heat-ozone events in densely populated
cities in China, exacerbating health risks. To evaluate the evolution characteristics of these events and quantify the impacts of climate
change, urban expansion, and anthropogenic emission changes, this study focuses on Beijing, utilizing multiple 1 km resolution
long-term datasets (2003-2022) and the WRF-Chem model to conduct sensitivity experiments across historical (2003), current (2022),
and future (2060) scenarios. The results indicate that: DFrom 2003 to 2022, summer compound heat-ozone events in Beijing
significantly worsened, characterized by rapid increases in frequency [7.0 d-(10 a)™!], affected area [203.1 km? -(10 a)'], and
exposed population [5X10° persons-(10 a)~!]. @While urban expansion dominated the rise in summer daily maximum temperature
(Tmax) over the past 20 years, climate warming is projected to become the primary driver in the future. This dominance is particularly
pronounced during compound events, with contribution rates reaching 88.9% and 94.3% under SSP2-4.5 and SSP5-8.5 scenarios,
respectively. ®Although future anthropogenic emission reductions effectively improve air quality during compound events MDAS
O3 decreasing by 4.5x107°, the climate penalty induced by warming will elevate MDAS8 O3 by 16.6-27.5x107°, completely offsetting
the benefits of emission reductions. This study reveals the evolution of compound heat-ozone events and their intensity, quantifies the
contributions of urbanization and climate change, and provides a scientific basis for formulating climate-adaptive air quality

co-governance strategies.
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Fig. 1 Simulation domains designed in WRF-Chem model
AR CBM-ZB8 (carbon bond mechanism version Z) 5%, JEEE 67 MIME 164 NN,
FAE CBM-IV B4t | BB e 52 5 7 IR A A R S R SRk ] 8 R A% Br MOSAICE (model for
simulating aerosol interactions and chemistry) 772, G 125 P, oohii% . BER . B R AR
SV FEET TR RRTMGM (rapid radiative transfer model for GCMs) KA SEL; AU HELL:
ZHNTT RS NE 1.
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Table 1 Parameterization schemes used in WRF-Chem model

TR SHNTTR
(ECUEEYTES Purdue Lin Scheme
ST EFET IS RRTMG Scheme
R 7 % RRTMG Scheme
I T O 6 Unified Noah Land-Surface Model
e JE 77 % Single-Layer UCM Scheme
WRZEITR Mellor-Yamada-Janjic (Eta) TKE Scheme
IR T % Grell 3-D Ensemble Scheme
e CBMZ Scheme
DA YA S Fast-J Photolysis Scheme
Gl wES 8-bin MOSAIC Scheme
AR HER MEGAN

UXz)) WRF-Chem B2 )R )34 T84 >k B R R S fidk b0 (ECMWE) 328 28 1A BRI
TR G TR ERAS (https://cds.climate.copernicus.eu/datasets ), FJ[A]Z3##%N 1 h, 2[R0 HE%E N 0.25°,
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(a) 2003 4E, (b) 2022 4£, (c) 2060 £E; 144k, 2.8 &Mk, 3.75M4HH4k, 4.75HRHAR, SIRZH, 6.3
VIREM, 7IFRGEN, 8RB, QBMKRE, 10555, 11 kAH, 12.QH, 133miAaS, 144 H/E R, 15.
KE, 16BN, 17K, 18BMAZXMWER, 19.BEGER, 20 7ENE R
2 JLBCTHAR [ i - o P 28780 2 ) 3 A
Fig. 2 Spatial distributions of land use and land cover in Beijing across different periods
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Table 2 Sensitivity experiments

B AR TREBEREF [EHHEF ARy
His03 2003 2003 2003
Urb22 2022 2003 2003
Urb22Met22 2022 2022 2003
CTL 2022 2022 2022
Urb60 2060 2022 2022
Urb60Met60_SSP245 2060 2060 (SSP245) 2022
Fut60_SSP245 2060 2060 (SSP245) 2060 (SSP245)
Urb60Met60_SSP585 2060 2060 (SSP585) 2022
Fut60_SSP585 2060 2060 (SSP585) 2060 (SSP585)
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BAIR () HXHEE (RH2) R (WS M REARFRE (O3) HAT TIRAE (B 3). S5HEH,
RS 7o [ Toax IAHSE B3 (R) FIWISEFEE (JOA) 7E 0.9 L L, H—FRZE (NMB) 1 7%
CAPY, ARG P BRI P B e AR AR LA R il B, B SR R 3 (a) 13 (b)) 5 AHXHEEER
10 m KUK R 735128 0.81 F10.55, BAFAE—EMKA (NMB=-17.4%F1-1.4%), {H 5728405 34—
K3 (e) A3 D) .
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(@) 2mikfE, (o) FAXHEEE, (c) 10mAiE, (d) O3 (&) Higs Ul Tmax, () MDA8 O3; NMB KxH—{LF
Bz, RBRMERERE, 10A RRYG R
P 32022 4E 8 F AL 5T A< G 30 5L A I AR -5 A UL 1 Bt ) 1 1)
Fig. 3 Time series of observed and simulated meteorological parameters and ozone in Beijing during August 2022
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(2) HEmE U Tmas (b)) MDAB8 Os IR FE AT I 2L, (o) - RETTRE & REAVBERMFHE,  (d) -
ST P G e R R BR 6 F B R AR E
42003~2022 “FAb B Al SRS P I S A FH B RHE
Fig. 4 Spatial-temporal evolution characteristics of summer heat, ozone pollution, and their compound events in Beijing during
2003-2022
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CTL W (@) Tmax A1 (h) MDAS Oz & AR T Hi 5 (His03) A3k (Fut60_SSP245 1 Fut60_SSP585) =S IajiH4E (b) ~
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B EEDTR; Urb RoRmd sk, Clim RoRSFERRE, Emis Fox N AIHE
5 bRt 8 AP H iR Tmax f1 MDA8 O3 7R3 2+ 4 Rl FH A SR (13548 LA 2 - R i IR 7 1) DT ik
Fig. 5 Evolution of August mean daily maximum temperature (Tmax) and MDA8 Os in Beijing over historical, current, and future
periods, along with the contributions of factors of climate change, urban expansion, and anthropogenic emission changes

T FETH Il AR 2 S S A, IR AR VIR 5 AN ONUR VOCs FF, i il MDAS Os Jhm, 3
BUEia R UE AR RS 0, S FAAEN A B ESM 1 aHE T ENE S H A, MR T EFEPE,
- BRI Y E A AN Tnax 5 MDAS O3 R B H B A58 H 1 W R S 1k

NEFX—EEMRNWEN R, AFFREN L AATAARA N BN EEH 4, & EMEIR
HEARY 3K ARARBR AN N HEB A il 2 BTSRRI otk 2R NE 6 Fros. Ea9eHE,
AT DX B L B R ) i TR . CTL IS FA R AR X IR 3Y) Tonax 15135 36.8 °C[E 6 (a) 1, BULH
I (His03) Fhim 15%[ 6 (b) 1. WEshR R fiREw[E 6 () 1, SRR EIEE M E FIRE, Tk T
91 7%HIIENE (Toax HG N 4.4 °C), I TKAVFENT (Tomax B4 0.4 °C)o ARMBAUL R EIR[E 6 (o
F16(d)], 7 SSP2-4.5 Al SSP5-8.5 15t I, & FAFA A X 48P Tonax TR IE— T 9.8% 1 14.4%,
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Fig. 6 Evolution of mean daily maximum temperature (Tmax) and MDA8 O3 during compound heat-ozone events in Beijing over
historical, current, and future periods, along with the contributions of factors of climate change, urban expansion, and anthropogenic

emission changes
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