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A B S T R A C T

Amid an ongoing warming climate, long-term increases in surface ozone (O3) concentrations have been reported 
across East Asia, including South Korea, despite sustained efforts to reduce precursor emissions. In this study, we 
use an extreme heat episode as a physically plausible analog of near-future warming conditions to examine how 
climate-driven temperature increases may offset the air quality benefits of emission reductions in two major 
metropolitan areas in South Korea: Seoul and Busan. Specifically, we selected the unprecedented heatwave 
during the summer of 2018, which recorded the highest seasonal mean temperature over the past decade and 
represents meteorological conditions analogous to those expected under continued climate warming. Heatwave- 
specific biogenic volatile organic compound (BVOC) emissions were contrasted with those during non-heatwave 
conditions using surface observations, satellite-based formaldehyde (HCHO) retrievals from TROPOMI, and 
WRF-Chem simulations. The results show that temperature was positively correlated with both HCHO and O3 in 
Seoul (R = 0.59 and 0.69, respectively) and Busan (R = 0.60 and 0.57, respectively), consistent with enhanced 
temperature-driven BVOC emissions and subsequent oxidation reflected by HCHO. These findings indicate that 
rising temperatures intensify photochemical reactions and alter O3 production sensitivity in major megacities 
through the amplification of BVOC emissions, particularly under VOC-limited ozone formation regimes. Our 
results suggest that continued climate warming, represented here by historically observed extreme heat condi
tions, may impose a climate change penalty on urban ozone, implying that substantially greater emission re
ductions will be required to attain equivalent air quality benefits in major East Asian cities under future warming.

1. Introduction

Ozone (O3) is a secondary pollutant formed through nonlinear 
photochemical reactions involving nitrogen oxides (NOx) and reactive 
carbon species, including methane (CH4), carbon monoxide (CO), and 
non-methane volatile organic compounds (NMVOCs), under solar radi
ation. High-O3 episodes are influenced not only by precursor emissions 
but also by meteorological and climatological conditions—such as 
temperature, radiation, and atmospheric stagnation—that play critical 
roles in ozone formation. Despite ongoing emission-control policies that 
have reduced anthropogenic precursor emissions, surface O3 concen
trations have continued to increase in megacities across East Asia (Lee 
et al., 2021, 2022). More specifically, observations over the Seoul 
Metropolitan Area showed decreasing NO2 concentrations during 

2015–2019 despite increasing surface O3 concentrations (Colombi et al., 
2023). A subsequent nationwide analysis for 2015–2023 also reported 
persistent decreases in surface NO2, together with increases in 
high-percentile O3, particularly in the Seoul Metropolitan Area (Oak 
et al., 2025). Given the substantial health and economic impacts asso
ciated with air pollution in rapidly urbanizing regions of East Asia, 
understanding the factors that offset air-quality improvements remains 
an important scientific and policy challenge (Ding et al., 2025; Jin et al., 
2025).

Climate change is expected to further increase surface temperatures, 
making heat-related effects increasingly relevant to air quality. The 
Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change (IPCC AR6) indicates that the global mean temperature has 
already increased by approximately 1.1 ◦C relative to the pre-industrial 
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period and projects that, if warming exceeds 1.5–2.0 ◦C, the frequency 
and intensity of extreme heat events will increase substantially (IPCC, 
2021). As temperature is a key meteorological driver of ozone forma
tion, climate-induced warming is likely to influence future air quality. 
Climate projections therefore provide an important framework for 
assessing the contribution of warming to changes in ozone pollution.

Air temperature exerts a particularly strong influence on O3 forma
tion (Weaver et al., 2009; Jacob and Winner, 2009), and the 
O3–temperature relationship has been widely investigated. Vautard 
et al. (2005) and Pusede et al. (2015), for example, quantified the 
temperature sensitivity of ozone (ppb ◦C− 1) and reported an average 
sensitivity of 6.7 ± 2.5 ppb ◦C− 1 across major U.S. urban areas. 
Temperature-driven ozone increases have been attributed to faster 
oxidation chemistry involving NOx and VOCs at higher temperatures 
(Atkinson, 2000). In addition, elevated temperatures enhance VOC 
emissions, particularly biogenic VOC (BVOC) emissions, thereby pro
moting additional O3 production (Rasmussen et al., 2013). Bloomer 
et al. (2009) reported that O3 concentrations increase under stagnant 
and extremely hot conditions such as heatwaves, and Pu et al. (2017)
showed that strengthened stagnation and enhanced solar radiation 
during heatwaves in the Yangtze River Delta further intensified photo
chemical O3 production.

However, most previous studies have focused on diagnostic analyses 
of historical temperature–O3 relationships or individual heatwave cases. 
These studies have not been explicitly framed within the context of 
future regional climate change, particularly under IPCC climate sce
narios. Moreover, biogeochemical feedbacks—such as temperature- 
driven changes in BVOC emissions—represent nonlinear and still un
certain processes in O3 formation under a warming climate. Climate- 
driven changes in BVOC emissions may substantially modify O3 pro
duction, especially in VOC-limited regimes, and may become more 
pronounced under future warming scenarios. Consequently, developing 
region-specific air quality policies that account for climate-induced 
temperature increases remains challenging, particularly given un
certainties in projecting regional climate change. In this study, we 
examine a historically observed extreme heat event as a physically 
plausible analog of near-future warming conditions, enabling assess
ment of urban air quality responses under elevated temperature 
scenarios.

South Korea provides a suitable setting for such an investigation. The 
country has experienced rapid warming and a marked increase in 
heatwave frequency over recent decades. The annual mean air tem
perature in South Korea has increased by approximately 0.9 ◦C over the 
past three decades (1990–2023), and the mean daily maximum tem
perature has increased by about 1 ◦C (KMA). According to the Ministry 
of Environment, the average summer heatwave frequency increased 
from 10.4 days during 1980–2000 to 31.5 days in 2018. Under the 
RCP4.5 scenario, heatwave risk in 2030 is projected to increase in 
approximately 26% of local municipalities relative to the 2000s (MOE, 
2019), underscoring the growing relevance of heat-related air quality 
impacts.

At the same time, aggressive NOx emission controls have been 
implemented in major metropolitan areas such as Seoul and Busan. 
South Korea has introduced a series of emission-reduction policies 
aimed at lowering anthropogenic NOx and VOC emissions, including the 
Special Act on Air Quality Improvement in Air Control Zones, seasonal 
PM management programs, strengthened vehicle-emission standards, 
and industrial VOC controls. These measures have contributed to long- 
term reductions in precursor emissions and improvements in air qual
ity. However, despite these efforts, ozone concentrations have continued 
to increase in many urban areas, suggesting that climate-driven 
enhancement of photochemical ozone production may partially offset 
the benefits of anthropogenic emission-control strategies. Recent ob
servations during the extreme 2018 heatwave in Seoul demonstrated 
that ozone formation accelerated with increasing temperatures, while 
fugitive anthropogenic VOC emissions and enhanced ozone production 

efficiency provided additional contributions to the observed ozone 
enhancement (Gil et al., 2026).

The response of ozone to emission reductions and climate-driven 
warming is strongly influenced by local chemical regimes and meteo
rological conditions. Because the response of ozone to warming depends 
strongly on the local chemical regime, it is important to distinguish 
between VOC-limited and NOx-limited conditions. Previous studies have 
identified both Seoul and Busan as VOC-limited (or VOC-sensitive) 
ozone formation regimes based on satellite-derived formaldehyde-to- 
NO2 ratios (FNRs) and supporting numerical analyses (Lee et al., 2021, 
2022). This interpretation is also consistent with observation-based 
analyses conducted in the Seoul Metropolitan Area, which indicated 
VOC-sensitive ozone production and emphasized the importance of 
balanced NOx–VOC control strategies (Kim et al., 2020). Although Seoul 
and Busan differ in geography and local circulation—Busan being a 
coastal city and Seoul an inland megacity—both have experienced 
increasing heatwave risk, partly enhanced by urban heat-island effects 
that can further promote photochemical ozone formation (Zhao et al., 
2019). These contrasting urban environments provide an opportunity 
to examine area-specific differences in O3 responses to elevated tem
perature under comparable synoptic conditions.

Considering these contrasting geographic and meteorological char
acteristics, we use the extreme heatwave of summer 2018 as a realistic 
analog of elevated-temperature conditions to investigate how O3 pro
duction responds to heat stress in two representative metropolitan en
vironments. Specifically, we examine how temperature-dependent 
increases in BVOC emissions modify O3 production sensitivity and 
discuss implications for attainable emission reduction strategies under a 
warming climate. This analysis is directly related to the concept of the 
climate change penalty for ozone, defined as the additional burden 
imposed on air quality management solely due to temperature increases 
induced by climate change. Our study aims to provide scientific insight 
into how climate-driven warming may influence ozone management in 
VOC-limited urban environments.

2. Data and methodology

2.1. Study areas, meteorological and air quality observations

Two metropolitan areas, Seoul and Busan, were selected as the study 
regions. Seoul represents a densely populated inland megacity, whereas 
Busan is a coastal urban area with relatively high annual mean O3 
concentrations. Previous studies have suggested that ozone formation 
mechanisms may differ between inland and coastal environments. 
Inland cities such as Seoul often experience stronger thermal accumu
lation, stagnant boundary-layer conditions, and prolonged photochem
ical processing, whereas Busan is additionally influenced by marine air 
masses and sea-breeze circulations that can modify pollutant dispersion 
and recirculation (Oh et al., 2006; Hwang et al., 2007; Kim et al., 2005). 
These contrasting meteorological characteristics provide a useful 
framework for examining regional differences in heatwave-associated 
ozone formation.

To characterize heatwave conditions and long-term heatwave 
occurrence, hourly observations of air temperature, wind speed, and 
precipitation were obtained from the Korea Meteorological Adminis
tration (KMA) Automated Synoptic Observing System (ASOS) in both 
metropolitan areas. The locations of the meteorological stations are 
shown in Fig. 1b and c. To examine long-term trends in heatwave 
occurrence, we additionally used annual heatwave-day statistics from 
the KMA Weather Data Service for the 51-year period from 1973 to 
2023. Following the operational definition of the KMA, a heatwave day 
was identified when the daily maximum temperature was ≥33 ◦C.

For the analysis of ozone formation during heatwave and non- 
heatwave conditions, air quality data and advisory records were ob
tained from AirKorea, the National Ambient Air Quality Monitoring 
Network operated by the Ministry of Environment (MOE) and the Korea 
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Environment Corporation (KECO). Hourly O3 and NO2 concentrations 
from 27 monitoring sites in Seoul and 28 sites in Busan were used in this 
study (Fig. 1). To characterize long-term high-ozone occurrence, we also 
analyzed O3 advisory records from AirKorea for the period 1995–2023. 
A high-O3 day was defined as a day on which the 1-h mean ozone 
concentration reached or exceeded 120 ppb, corresponding to the offi
cial AirKorea ozone advisory criterion.

2.2. WRF-Chem model configuration

We employed the online-coupled WRF-Chem (Weather Research and 
Forecasting–Chemistry) model (version 3.9.1), which integrates atmo
spheric chemistry within the WRF framework to simulate atmospheric 
dynamics and mesoscale physical processes, including cloud micro
physics. Topographic data and meteorological initial and lateral 
boundary conditions were generated using the WRF Preprocessing 
System (WPS). Time integration was conducted using the Advanced 
Research WRF (ARW) dynamical core to produce three-dimensional 
meteorological and chemical fields (Grell et al., 2005).

Three one-way nested domains were configured with horizontal grid 
spacings of 27 km (D01), 9 km (D02), and 3 km (D03), as shown in 
Fig. 1a. The simulation period, including spin-up, covered the prolonged 
heatwave episode from 00:00 UTC 27 June 2018 to 00:00 UTC 1 
September 2018. Meteorological initial and boundary conditions were 
provided by the National Centers for Environmental Prediction (NCEP) 
Final Operational Global Analysis (FNL). Detailed physical and chemical 
parameterizations used in the WRF-Chem simulations are summarized 
in Table S1.

Anthropogenic emissions were based on the KORUSv5 inventory, 
which was developed using the bottom-up CREATE emission inventory 
framework for Asia as a foundation (Woo et al., 2020). The emissions 
were processed through the SMOKE-Asia framework (Woo et al., 2012). 
No additional heatwave-specific or temperature-dependent scaling was 
applied to anthropogenic VOC emissions during the simulation period. 
Therefore, anthropogenic VOC emissions followed the prescribed tem
poral profiles of the inventory throughout the simulation.

In contrast, BVOC emissions were calculated online using MEGAN 
version 2.04 (Model of Emissions of Gases and Aerosols from Nature) as 
a function of meteorological variables, including temperature and solar 

radiation. This configuration allows heatwave-related changes in ozone 
formation to be interpreted primarily in terms of meteorology- 
dependent BVOC emissions under a fixed anthropogenic emission 
framework.

2.3. TROPOMI satellite data

To characterize VOC-related variability, particularly formaldehyde 
(HCHO) as a key oxidation product of BVOCs, we used satellite retrievals 
from the TROPOspheric Monitoring Instrument (TROPOMI) onboard 
Sentinel-5 Precursor (Sentinel-5P). TROPOMI is a nadir-viewing imag
ing spectrometer operating in the ultraviolet, visible, near-infrared, and 
shortwave infrared spectral ranges, providing near-global daily 
coverage with a swath width of approximately 2600 km. During the 
study period, the typical nadir pixel size was approximately 7 × 3.5 km2, 
and the satellite provided one daytime observation per location in the 
early afternoon, with an ascending-node equator-crossing time of about 
13:30 local solar time.

TROPOMI provides Level-2 atmospheric composition products, 
including O3, NO2, HCHO, SO2, CH4, CO, and aerosol-related variables. 
In this study, we used the Level-2 HCHO product to investigate the 
spatial and temporal variability of HCHO over the study region. For 
quality control, only pixels with a quality assurance value 
(qa_value) ≥ 0.8 were retained, and scenes with a cloud fraction ≥0.4 
were excluded. This criterion is more conservative than the recom
mended threshold (qa_value > 0.5) to reduce cloud-related retrieval 
uncertainty (De Smedt et al., 2023). After quality control, the TROPOMI 
L2 HCHO pixels were interpolated onto a regular latitude–longitude grid 
using linear interpolation to visualize broad spatial patterns.

The native TROPOMI HCHO footprint (approximately 7 × 3.5 km2) 
is larger than the 3-km horizontal grid spacing of the innermost WRF- 
Chem domain. Therefore, the satellite retrievals were not remapped 
directly onto the WRF-Chem grid, because such remapping would 
oversample the satellite product beyond its native footprint and could 
introduce artificial fine-scale spatial structures, particularly after cloud 
and quality filtering have reduced the number of valid pixels. Accord
ingly, TROPOMI HCHO was not used for strict grid-to-grid validation of 
modeled HCHO concentrations. Instead, it was used to evaluate broad 
spatial patterns and relative heatwave-related enhancements. Therefore, 

Fig. 1. Model domains and observation sites used in this study. The outer, intermediate, and inner domains (D01-D03) are shown in the left panel. The right panels 
show the distributions of air quality monitoring stations (AQMS; triangles) and an automated surface observing system site (ASOS; star) within Seoul and Busan.
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satellite–model comparisons presented in this study should be inter
preted in terms of pattern-level consistency rather than exact quantita
tive agreement.

Previous validation studies have reported a retrieval uncertainty of 
approximately 31% relative to selected ground-based observations (De 
Smedt et al., 2023). Therefore, TROPOMI HCHO is used in this study 
primarily as an indicator of BVOC-related oxidation and relative 
enhancement rather than as a direct quantitative constraint on BVOC 
emissions.

3. Results

3.1. Trends in heatwave and high-ozone episodes

Fig. 2 presents the time series of heatwave occurrence in the two 
study areas. In Seoul, except for 1994 as an anomalously high year, the 
annual number of heatwave days remained within a relatively con
strained range prior to 2010, with pronounced interannual variability 
(Fig. 2a). Since 2010, however, the upper envelope of heatwave 
occurrence has increased steadily, indicating an intensification of 
extreme heat events. Busan shows a broadly similar pattern: before 
2012, annual heatwave days rarely exceeded 10 and exhibited strong 
year-to-year variability, whereas a gradual upward trend is evident 
thereafter. The year 2018 stands out as the most extreme year in both 
cities, with 35 heatwave days in Seoul and 18 in Busan (Fig. 2b).

This tendency is also reflected in the seasonal distribution of heat
waves based on cumulative monthly counts (Fig. 3). Comparing the 
recent 26-year period (1998–2023) with the earlier 25-year period 
(1973–1997), Seoul experienced substantial increases in summer heat
waves, with increases of 55.6% in June, 43.3% in July, and 53.3% in 
August. Busan exhibited a more complex pattern, with no heatwave 
occurrence in June, a 33.3% decrease in July, and a 150% increase in 
August. As a coastal city, Busan is subject to strong maritime modula
tion, which can produce more variable heatwave responses (Zhou et al., 
2019; Wie et al., 2021). Nevertheless, the overall comparison indicates 
that heatwave occurrence has increased substantially in recent decades, 
consistent with expectations under a warming climate.

An increasing tendency in high-ozone episodes is also evident in both 
areas. Fig. 4 shows the time series of O3 advisory occurrences; a national 
O3 advisory is issued when the 1-h mean concentration reaches or 

exceeds 120 ppb. In Seoul, annual advisories generally remained below 
20 prior to 2016 but exceeded 30 thereafter, reaching 54 in 2018 
(Fig. 4a). Busan exhibited a similar shift, with advisories generally at or 
below 10 per year prior to 2012, followed by a sustained increase and 
reaching 24 in 2018 (Fig. 4b). Taken together, the concurrent increases 
in heatwave occurrence and high-O3 advisories suggest strong co- 
variability between extreme heat and ozone pollution, consistent with 
enhanced photochemical production and stagnation-favorable meteo
rological conditions during heatwave periods.

3.2. Model evaluation

The performance of WRF-Chem was evaluated for the summer of 
2018. Simulated 2-m air temperature, 10-m wind speed, relative hu
midity, and surface ozone were compared with ASOS and AirKorea 
observations for both Seoul and Busan (Fig. S1). Model performance was 
assessed using the correlation coefficient (R) and the index of agreement 
(IOA).

Temperature, the key variable for identifying heatwave days, 
showed good agreement with observations (Seoul: R = 0.92, IOA = 0.95; 
Busan: R = 0.91, IOA = 0.95). Wind speed showed lower performance 
(Seoul: R = 0.45, IOA = 0.48; Busan: R = 0.49, IOA = 0.64), whereas 
relative humidity was reasonably reproduced in both cities (Seoul: 
R = 0.81, IOA = 0.88; Busan: R = 0.70, IOA = 0.82). The relatively lower 
performance for wind speed is consistent with previous mesoscale- 
model evaluation studies, which have shown that wind fields are 
generally more difficult to reproduce because they are strongly influ
enced by local topography, surface roughness, and boundary-layer 
processes (Emery et al., 2017). Although uncertainty in simulated 
wind fields may affect pollutant transport, ventilation, and 
boundary-layer mixing, the model performance remained within 
commonly accepted evaluation ranges for regional meteorological 
simulations.

For ozone, R was 0.80 in Seoul and 0.73 in Busan, with IOA values of 
0.85 at both sites, indicating that the model reasonably reproduced 
observed ozone variability. Because precipitation can influence ozone 
and precursor concentrations through wet scavenging, subsequent an
alyses focused on the period from 6 July to 20 August 2018, thereby 
minimizing precipitation-related interference and isolating heatwave- 
associated ozone enhancement processes.

3.3. Chemical variations of O3, HCHO, and NO2

Fig. 5 shows WRF-Chem simulated O3, HCHO, and NO2 concentra
tions during 6 July–20 August 2018. In Seoul, elevated temperatures 
coincided well with high ozone days, particularly during identified 
heatwave events. In Seoul, the mean air temperature during periods 
when O3 exceeded 80 ppb was 37.7 ◦C. HCHO increased largely in phase 
with the high-O3 period, with a mean concentration of approximately 
9 ppb, which is about 5.5 ppb higher than the study-period average. In 
contrast, NO2 concentrations did not show a clear temperature- 
dependent pattern and were not closely aligned with elevated O3 levels.

In Busan, the linkage between high temperature and high O3 was 
somewhat less pronounced than in Seoul; however, high-ozone events 
still tended to occur on warmer days. Only one instance exceeded 
80 ppb, and the air temperature during that period was 32.1 ◦C. The 
mean temperature for hours with O3 above 70 ppb was 32.2 ◦C. HCHO 
also increased during the high-ozone period, with a mean concentration 
of 4.6 ppb, approximately 2.5 ppb higher than the study-period average.

Overall, both areas exhibited enhanced O3 under high-temperature 
conditions relative to typical days, with HCHO showing a consistent 
tendency. The correlation between O3 and HCHO was 0.67 in Seoul, 
whereas the correlation between O3 and NO2 was − 0.14. In Busan, the 
O3–HCHO correlation was 0.39, compared with − 0.52 for O3–NO2. 
These results indicate that HCHO is more strongly associated with O3 
variability than NO2 during high-ozone conditions, although regional 

Fig. 2. Interannual variation in annual heatwave days during 1973-2023 for 
(a) Seoul and (b) Busan. Gray markers indicate annual values, the dashed line 
denotes the linear trend, and the red marker highlights the year with the 
maximum number of heatwave days.
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differences likely reflect local geographic and meteorological influences.
Fig. 6 compares diurnal variations of T2, O3, HCHO, and NO2 be

tween heatwave and non-heatwave days in Seoul, Busan, and a forested 
site in Gangwon Province (denoted in Fig. 1), located east of Seoul. In 
Seoul, heatwave days showed a clear thermal contrast relative to non- 
heatwave days, with the composite maximum and mean T2 increasing 
by 5.5 ◦C and 5.0 ◦C, respectively. Under these warmer conditions, mean 
O3 concentrations were 18.2 ppb on heatwave days and 12.4 ppb on 
non-heatwave days, with peak values of 48.50 ppb and 25.47 ppb, 
respectively. HCHO also increased during heatwaves, with mean con
centrations rising from 2.4 to 3.7 ppb and peak concentrations 
increasing by approximately 2.9 ppb. In contrast, NO2 showed only 
minor differences between the two categories.

Busan exhibited a similar tendency. The composite maximum and 
mean T2 increased by 3.8 ◦C and 2.6 ◦C, respectively. Mean O3 con
centrations were 29.12 ppb and 26.89 ppb on heatwave and non- 
heatwave days, respectively, with peak O3 approximately 16 ppb 
higher during heatwave days. HCHO also increased during heatwaves, 
with the mean concentration higher by 0.9 ppb relative to non-heatwave 

days, and the peak concentration higher by 2.2 ppb. For NO2, as in 
Seoul, differences between heatwave and non-heatwave conditions were 
minimal.

The Gangwon site, characterized by high HCHO and relatively low 
NO2, represents a NOx-limited regime. This site showed a pronounced 
heatwave-related temperature increase, with the composite maximum 
and mean T2 increasing by 6.7 ◦C and 4.6 ◦C, respectively. Here, mean 
O3 concentrations increased by approximately 10 ppb during heatwave 
days, and peak O3 differences reached 24 ppb—the largest among the 
three regions. HCHO showed a strong heatwave-related increase, while 
NO2 remained substantially lower than in the urban areas. These results 
indicate that elevated temperatures were consistently accompanied by 
enhanced HCHO and O3 concentrations, supporting a close linkage be
tween heat stress, BVOC-related oxidation, and photochemical ozone 
production.

The statistical distributions of key meteorological 
variables—temperature, wind speed, and relative humidity—during 
heatwave and non-heatwave days are shown in Fig. S2 for three re
gions: Seoul, Busan, and Gangwon Province. In all regions, heatwave 

Fig. 3. Cumulative monthly heatwave days for June, July, and August accumulated over two periods (1973–1997 and 1998–2023) in (a) Seoul and (b) Busan. Green 
and purple bars indicate the total number of heatwave days accumulated within each month over 1973–1997 and 1998–2023, respectively. “NO DATA” denotes 
unavailable records for the corresponding month/period.

Fig. 4. Interannual variations in ozone advisory issuances and advisory days during 1995–2023 for (a) Seoul and (b) Busan. Gray bars indicate the number of ozone 
advisory days, and black triangles connected by a dotted line denote the annual number of issuances. Solid lines represent linear trends, and red markers highlight the 
year with the maximum number of issuances.
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conditions were characterized by higher temperatures, reduced wind 
speeds, and lower relative humidity, creating meteorological conditions 
favorable for ozone accumulation and photochemical production.

3.4. Ozone and its association with temperature, HCHO, and BVOC

To further examine differences in HCHO distributions between 
heatwave and non-heatwave days, WRF-Chem simulations (Fig. 7a and 

Fig. 5. Temperature dependence of simulated pollutant concentrations in 6 July-20 August 2018 for (a) Seoul (left) and (b) Busan (right). Hourly modeled O3, 
HCHO, and NO2 concentrations are shown as scatter points, with marker color indicating air temperature (◦C).

Fig. 6. Diurnal variations of 2-m air temperature (T2), O3, HCHO and NO2 under heatwave and non-heatwave conditions for (a) Seoul, (b) Busan, and (c) Gangwon 
Province. Red and blue lines denote mean diurnal cycles for heatwave and non-heatwave days, respectively. Time is local standard time (0–23 h). Temperature is in 
◦C, and chemical concentrations are in ppb.
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c) and TROPOMI observations (Fig. 7b and d) were analyzed. The model 
results show elevated HCHO during heatwave conditions, particularly 
over the forested Gangwon region, where concentrations exceeded 
4 ppb. Enhanced HCHO was also evident over Seoul, while Busan 
showed relatively lower levels. During non-heatwave periods, HCHO 
concentrations generally remained between 1 and 2 ppb. TROPOMI 
observations showed a similar spatial tendency. Although the satellite 
provides only one daytime observation per day, the mean HCHO con
centration during heatwave periods was consistently higher than during 
non-heatwave periods, supporting the modeled results.

Fig. 8 presents scatter plots of temperature versus HCHO and O3 from 
WRF-Chem simulations for Seoul and Busan. The fitted curves indicate a 
nonlinear relationship with a quadratic (second-order) tendency. Using 
daily maximum concentrations, temperature showed a strong positive 
association with HCHO (R = 0.59) and O3 (R = 0.69) in Seoul. In Busan, 
the corresponding correlations were R = 0.60 (HCHO) and R = 0.57 
(O3). The relatively weaker relationship in Busan likely reflects the 
narrower temperature range during the study period, with maximum 
temperatures approximately 5 ◦C lower than in Seoul. In addition, 
Busan's coastal setting may have contributed to the weaker and more 
variable response. Maritime influences and land–sea-breeze circulations 
can affect local ventilation, pollutant transport, and precursor recircu
lation, and previous studies have shown that sea-breeze evolution can 
influence O3 distributions over the Busan metropolitan area (Oh et al., 
2006). Although a dedicated sea-breeze classification was not con
ducted in this study, coastal meteorological modulation likely contrib
utes to the different O3–temperature relationship observed between 
Busan and inland Seoul.

4. Discussion

O3 is produced through complex formation and destruction path
ways involving its key precursors, nitrogen oxides (NOx) and volatile 
organic compounds (VOCs). Among the controlling factors, temperature 
plays a critical role in regulating both precursor abundances and 
photochemical reaction rates. Quantitative evaluation of temperature- 
dependent photochemical processes can be achieved through analyt
ical interpretation of reaction kinetics or sensitivity experiments using 
chemical transport or box models.

Most previous studies have implicitly assumed that precursor emis
sions remain constant with increasing temperature. However, certain 
VOC species—particularly biogenic VOCs (BVOCs)—are highly tem
perature sensitive. Elevated temperatures enhance BVOC emissions, 
increasing their participation in atmospheric photochemical reactions 
(Kleist et al., 2012). However, the magnitude of this temperature 
response can vary depending on vegetation type, land-cover distribu
tion, light availability, soil moisture, heat or drought stress, and the 
BVOC emission parameterization used in the model (Peñuelas and 
Staudt, 2010; Guenther et al., 2012). Enhanced BVOC oxidation pro
motes the production of reactive radicals, contributing to increased 
HCHO formation and subsequently enhanced ozone production. 
Consequently, during heatwave periods characterized by high temper
atures, BVOC emissions can increase substantially. Although BVOC 
concentrations cannot be directly retrieved from satellite observations, 
HCHO distributions can be observed and used as a proxy for BVOC 
oxidation.

Among BVOCs, isoprene plays a particularly important role in 
intensifying NOx–O3 photochemical cycling (Calfapietra et al., 2009). 
Approximately 67% of more than 1800 investigated plant species are 
reported to emit isoprene, and nearly 70% of total isoprene emissions 

Fig. 7. Spatial distributions of HCHO during heatwave (top) and non-heatwave (bottom) days. The left panels show simulated surface HCHO concentrations (ppb), 
and the right panels show TROPOMI HCHO vertical column densities (×1015 molecules cm− 2). Both fields are averaged over 6 July-20 August 2018.
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originate from deciduous broadleaf forests (Wiedinmyer et al., 2004; 
Laothawornkitkul et al., 2009). The simplified oxidation pathway 
contributing to ozone formation can be expressed as: 

Isoprene + OH → RO2                                                                 (R1)

RO2 + NO → RO + NO2                                                               (R2)

RO + O2 → HCHO + HO2                                                            (R3)

HO2 + NO → NO2 + OH                                                              (R4)

NO2 + hν → O + NO                                                                   (R5)

O + O2 → O3                                                                               (R6)

Isoprene reacts rapidly in the atmosphere via reaction (R1), typically 
within approximately 1 h (Wells et al., 2020). During its oxidation, 
organic peroxy radicals (RO2) are formed, which subsequently produce 
formaldehyde (HCHO) through reactions (R2) and (R3), and eventually 
contribute to ozone formation through reactions (R4–R6). Because the 
atmospheric lifetime of HCHO is longer than that of isoprene (Palmer 
et al., 2003) and HCHO can be observed from satellite platforms, it is 
commonly used as a tracer for isoprene-related BVOC oxidation.

The forest distribution over South Korea, derived from MODIS data 
(Fig. S3), indicates that deciduous broadleaf forests account for 

approximately 59.6% of total forested area, with mixed forests repre
senting 27.8%. These forests are primarily concentrated in the Gangwon 
region, the extensive forested area east of Seoul. In this study, HCHO 
distributions were analyzed using TROPOMI retrievals, while BVOC 
dynamics were examined using WRF-Chem simulations. The spatial 
correspondence between elevated HCHO and forested regions suggests 
that observed HCHO enhancements are closely linked to temperature- 
driven BVOC emissions. Taken together, satellite observations and 
model simulations indicate that enhanced BVOC emissions from forested 
areas contribute to elevated O3 during heatwave periods. Although this 
study focuses on South Korean megacities, similar heatwave-related O3 
enhancement has been reported in other urban and industrialized re
gions, including Europe during the 2003 heatwave (Vautard et al., 
2005), the Yangtze River Delta during the 2013 heatwave (Pu et al., 
2017), and the New York City metropolitan region (Zhao et al., 2019). 
Therefore, the heatwave-enhanced BVOC/HCHO–O3 mechanism dis
cussed here may also be relevant to other VOC-sensitive urban or in
dustrial regions where sufficient NOx, strong solar radiation, and nearby 
biogenic emission sources coexist. However, the magnitude of this 
response is expected to vary depending on local NOx–VOC sensitivity, 
vegetation type, land-cover distribution, background O3, and meteoro
logical conditions.

To further evaluate the role of BVOC emissions, an additional 

Fig. 8. Relationships between air temperature and (a, c) HCHO and (b, d) O3 in 6 July-20 August 2018 for Seoul (a–b) and Busan (c–d). Purple dots show hourly 
values, and red circles indicate daily maximum concentrations. Green dashed lines represent fitted curves illustrating the temperature dependence of HCHO and O3.
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sensitivity simulation was conducted with the MEGAN biogenic emis
sion module disabled (No-MEGAN experiment; Fig. 9). Relative to the 
baseline simulation, the exclusion of BVOC emissions reduced the daily 
maximum O3 concentration in Seoul from 50.5 to 34.2 ppb (− 32.3%) 
and HCHO from 6.6 to 3.9 ppb (− 40.9%). Similar but slightly weaker 
responses were observed in Busan, where O3 and HCHO decreased by 
25.9% and 40.0%, respectively. The reductions were most pronounced 
during daytime when photochemical activity was strongest, whereas 
nighttime differences were relatively small. These results provide direct 
model-based evidence that temperature-enhanced BVOC emissions 
substantially contribute to HCHO formation and ozone enhancement 
during heatwave conditions.

Although elevated temperature is generally recognized as a major 
driver of BVOC emissions, uncertainties remain in the quantitative 
estimation of BVOC emissions because MEGAN-derived emissions 
depend on vegetation distribution and emission parameterizations 
(Guenther et al., 2012). Therefore, HCHO should be interpreted as 
supporting evidence of BVOC-related oxidation rather than as a direct 
quantitative estimate of BVOC emissions. Nevertheless, the sensitivity 
experiment (Fig. 9), together with the observed increases in tempera
ture, HCHO, and ozone, supports the conclusion that BVOC emissions 
contribute substantially to ozone enhancement during heatwave con
ditions. Similar to other environmental systems that exhibit amplified 
responses to warming (Wu et al., 2025), our results suggest that elevated 
temperatures can induce nonlinear changes in atmospheric chemical 
processes through enhanced BVOC emissions and ozone production, 

implying that BVOC–HCHO–O3 chemistry may be further amplified 
under continued climate warming.

This mechanism is directly related to the concept of the climate 
change penalty for ozone, defined as the additional burden on air quality 
management arising solely from climate-induced temperature increases, 
independent of anthropogenic emission trends. Our findings suggest that 
climate-driven enhancements in ozone formation should be explicitly 
considered when designing and evaluating emission control strategies 
under future warming scenarios. In the present study, anthropogenic 
VOC emissions were prescribed and were not additionally scaled with 
temperature, whereas BVOC emissions responded dynamically to 
meteorological conditions through MEGAN. Together with the BVOC 
sensitivity experiment (Fig. 9), this framework enables the evaluation of 
a temperature-sensitive photochemical pathway under a given anthro
pogenic emission environment. Although this does not provide a com
plete quantitative separation of climate and emission effects, it provides 
direct evidence that temperature-responsive BVOC emissions can sub
stantially enhance ozone formation during heatwave conditions.

One limitation of this study is that the analysis is based on a single 
historical heatwave event (summer 2018), which cannot fully represent 
the complexity of future climate change. Therefore, the present study 
should not be interpreted as a deterministic projection of future ozone 
levels under specific climate scenarios. Instead, the 2018 heatwave is 
used as an observational analog of physically plausible high- 
temperature conditions that may become more frequent under 
continued climate warming. Despite this limitation, the observed 

Fig. 9. Diurnal variations of simulated O3 and HCHO concentrations in Seoul and Busan during the study period (27 June 2018–1 September 2018) from WRF-Chem 
simulations with the biogenic VOC (BVOC) emission module MEGAN turned on (MEGAN) and off (No-MEGAN): (a) O3 in Seoul, (b) HCHO in Seoul, (c) O3 in Busan, 
and (d) HCHO in Busan. The differences between the two simulations represent the contribution of BVOC emissions to HCHO formation and O3 enhancement. Error 
bars indicate ±1 standard deviation.
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relationships among temperature, HCHO, and ozone provide useful 
insight into the mechanisms through which future warming may influ
ence ozone formation in VOC-limited urban environments.

5. Summary and conclusions

Although primary emissions and photochemical processes are 
fundamental to O3 production, climate-related warming associated with 
extreme heat events also plays an important role in modulating ozone 
levels. To characterize O3 formation under climate-induced temperature 
increases, we analyzed meteorological observations from ASOS and air 
quality data from two metropolitan areas in South Korea. The unprec
edented heatwave during the summer of 2018 was examined as a 
physically plausible analog of near-future warming conditions, and 
chemical characteristics during heatwave days were compared with 
those during non-heatwave days. In addition, we investigated variations 
in O3, BVOC-related HCHO, and associated temperature dependence 
using satellite observations and WRF-Chem simulations.

Our results demonstrate a clear association between temperature and 
O3. Satellite observations showed that HCHO enhancements were sub
stantially greater during heatwave days than during non-heatwave pe
riods. The concurrent occurrence of elevated HCHO and high O3 
indicates that temperature-driven BVOC oxidation contributes to 
enhanced ozone formation under high-temperature conditions. WRF- 
Chem simulations further support this interpretation by linking 
increased HCHO during heatwave episodes to temperature-dependent 
BVOC emissions. Together, these findings highlight the importance of 
the BVOC–HCHO–O3 chain in the context of climate-driven ozone 
enhancement.

These results have important implications for air quality manage
ment. The temperature-driven amplification of ozone formation repre
sents a potential climate change penalty, whereby warming alone can 
partially offset the benefits of anthropogenic emission reductions. 
Heatwave-enhanced photochemistry and temperature-dependent BVOC 
emissions may therefore impose an additional burden on ozone man
agement under existing anthropogenic precursor-control efforts. Similar 
mechanisms may also operate in other VOC-sensitive urban and indus
trial regions where elevated temperatures, abundant NOx, and nearby 
biogenic emission sources coexist, although the magnitude of the 
response is likely to vary depending on local chemical sensitivity and 
meteorological conditions. Therefore, rigorous assessment of the cli
mate–ozone linkage is essential for developing effective and achievable 
air quality management strategies under future warming scenarios. 
Accounting for the warming-driven tendency toward ozone enhance
ment under climate change will be critical in designing robust mitiga
tion policies for VOC-limited urban environments, as substantially 
greater reductions in precursor emissions may be required to offset the 
climate-driven increase in ozone under continued warming.
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